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FOREWORD 

This is the fifth of a series of reliability a s ses smen t  repor t s  onthe 

Working under pr ime contract  NAS Orbiting Geophysical Observatories.  

5 - 1 6 9 2 ,  awarded by the Coddard Space Flight Center of the National Aero- 

nautics and  Space Administration, the Planning Research Corporation 

study t e a m  ass i s ted  NASA in the overall  OGO development program by 

making independent estimates of OGO spacecraft  system reliability, aid- 

ing in  the establishment of reliability goals, and acting as  technical ad- 

visor  to NASA in OGO reliability mat ters .  

The first reliability assessment  was of a preliminary nature, since 

it wasbased ,  in some areas, 04 designs that were  not quite finalized; lim- 

ited information about the experiments to be serviced by the OGO space- 

craf t ;  and broadly defined environmental and electr ical  s t r e s ses .  The 

second a s ses smen t  updated and refined the work of the first assessment .  

Specifically, the second assessment  sought to be m o r e  real is t ic  by elim- 

inating a number of simplifying assumptions made of necessity i n  the first 

assessment ,  bringing launch and POGO effects into the assessment ,  mak- 

ing individual subsystem as ses smen t s  more  detailed and incorporating 

la tes t  design changes, revising basic failure r a t e s  on the basis of new 

information, and revising the reliability models to incorporate the greater  

depth of engineering analysis.  

The thi rd a s ses smen t  further refined and updated the first two a s -  

sessments .  

t em level, the objective being a complete assessment  of all aspects  of 

the spacecraft ,  To make the assessment  more  complete and realist ic,  

the mathematical  models were  revised to include subsystem interface 

considerations, ana applicable data f rom all OGO spacecraft  and subsys- 

t em t e s t s  conducted during the period were  incorporated. 

It emphasized increased engineering analysis a t  the subsys- 

The fourth a s ses smen t  departed f rom the previous efforts in two 

major  areas: 

specific areas to provide methods of improving the reliability of the 

spacecraft  subsystems. 

( I )  It went m o r e  deeply into the engineering analysis of 

(2 )  It provided a complete reliability analysis 
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of the OGO radio astronomy experiment and 3 reliability analysis of the 

operational aspects  of the spacecraft  for the EGO mission. 

The fifth assessment ,  reported here ,  has  followed a three-way ap- 

(1) It has investigated the use of new a r e a s  of technology of pos- proach: 

sible benefit to OGO. 

fects  on spacecraft  reliability of the changes necessary for  the polar 

orbit; in  other words, i t  was essentially a reliability assessment  of the 

POCO spacecraft. 

space c raft. 

(2)  A major  portion of the work a s ses sed  the ef- 

( 3 )  It a s ses sed  the reliability status of the OGO A 
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ABSTRACT 

This report  presents  the findings and Technical Advisement Mem- 

oranda (TAM's)  of the fifth assessment  and the resul ts  of additional, 

smaller  efforts that have previously appeared only in progress  reports .  

Sections I andIIprovide an  introduction and a summary of a l l  TAM's 

prepared during the assessment  period and the additional findings of the 

period, Section III is concerned with the status of OGO A a s  a launch- 

ready vehicle. Section IV descr ibes  investigations into the use of new 

a r e a s  of technology of possible benefit to  future OGO vehicles. SectionV 

analyzes the effects on spacecraft reliability of the changes necessary for  

the polar orbit. 
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I. INTRODUCTION 

This document reports  upon the fifth of a se r i e s  of independent re -  

These liability assessments  of the Orbiting Geophysical Observatories.  

a s ses smen t s  a r e  being conducted by Planning Research Corporation f o r  

the Goddard Space Flight Center,  National Aeronautics and Space 

Admini strati o n. 

The first  assessment ,  conductedfrom 8 October 1961 to 5 February  

1962, was ,  except for  the assessment  of the Communications and Data 

Handling (CDH) Subsystem, of a preliminary nature. Study of the design 

documentation of the CDH Subsystem revealed a high degree of complex- 

ity which required more  detailed examination, f rom both inodeling and 

engineering analysis viewpoints, in o rde r  to  ensure a real is t ic  prelim- 

inary  assessment .  

The second assessment ,  conducted f rom 5 February  1962 to 30  

September 1962, essentially updated and refined the work of the prelim- 

inary  assessment .  

cal, a number of simplifying assumptions were  eliminated which hac! 

been made  as a mat te r  of economic and temporal necessity in  the f i r s t  

effort. 

tion, a number of assumptions regarding subsystem par t  complements 

were  readily discarded. Elimination of other assumptions, however, 

required considerable detailed engineering analysis at the subsystem 

level and nontrivial changes in  the prel iminary assessment  models. 

To make tile assessmelit iiioi-e zealistic a d  practi- 

For  example, with the receipt o€ m o r e  complete design informa- 

The third assessment ,  30 September 1962 to 30 April 1963, con- 

sisted pr imar i ly  of increased engineering aiialysis a t  the subsystem 

level and fur ther  p a m i n a t i o n  of subsystem interdependence. 

sys tem model was developed, and the pr ior  assessments  required a mod- 

icum of revision. However, to include the subsystem interface consider- 

ations, the spacecraft  model underwent considerable revision. This 

third effort provided a complete and real is t ic  assessment  of the Orbiting 

Geophysical Observatories for the EGO mission, 

The sub- 
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The fourth a s ses smen t ,  30 Apri l  1963 to 30 March 1964, departed 

f rom the previous effor ts  in  two major  a reas :  

than previous a s ses smen t s  into the engineering analysis of specific 

a r e a s  in  o r d e r  to t r y  to provide methods of improving the reliability of 

the spacecraft  snbsystems,  and (2)  it provided a complete reliability 

analysis of the OGO radio astronomy experiment and an  analysis and 

evaluation of the operational aspects  of the spacecraft  system f rom a 

reliability standpoint for  the EGO mission.  

(1) It went m o r e  deeply 

The fifth and  present  assessment ,  31 January 1964 to 31 August 

1964, has ,  to a ce r t a in  extent, followed a three-way approadh. A por- 

tion of the effort was  dedicated to investigating new areas of technology 

of possible benefit to the OGO spacecraft .  

tion of the work a s s e s s e d  the effects on the OGO spacecraft  reliabilityof 

The second and major  por-  

the changes in  the  subsystems necessary  fo r  the polar orbit; this effort, 

i n  essence,  consti tutes a reliability assessment  of the POGO spacecraft .  

The third portion involved establishing the final reliability status of the 

OGO A spacecraf t .  

As before, the objectives of this study were  established at the otit- 

set by NASA and, briefly,  a r e  as follows: 

1. To provide NASA with objective and independent es t imates  

of OGO spacecraft  system reliability 

To assist NASA in  establishing reliability goals for  the 

spacecraf t  sys tem and major  subsystems 

To act as technical advisor to  NASA i n  QGO relia.bility 

matte r 6 

2. 

3 .  

These objectives have been ca r r i ed  out informally via conversa- 

tions with representat ives  of the NASA OGO project organization and 

formally via  Technical Advisement Memoranda ('TAM'S) prepared by the 

PRC as ses smen t  team. As with the second assessment  report ,  because 

this effort has  proceeded on such a time-dependent basis,  mos t  of the 

material covered h e r e  has  a l ready been described in previous TAM'S. 
With the ass i s tance  of NASA WOO representatives,  PRC main- 

tained close coordination with the OCO spacecraft  development 
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contractor,  Space Technology Laboratories,  Inc. , during the course of 

the assessment .  Members  of the PRC study team relied heavily on 

spacecraft  design documents supplied by NASA and STL (via NASA); 

however, when documentation provided an incomplete or  ambiguous de- 

scription of some design aspect, consultations were held with the cogni- 

zant STL design engineers. 

Section I1 of this report  summar izes  all the work conducted during 

preparation of this assessment  and lists the major  recommendations 

ar is ing i r o m  the study. 

progress  reports  but not covered in  the TAM'S themselves. 

summarizes  the basis, major  findings, and recommendations o i  each of 

the study a r e a s  undertaken. Conclusions and recommendations of major  

interest  a r e  described in detail in la ter  sections of the report;  some de- 

tailed conclusions and recommendations of l e s se r  importance, discussed 

in  the la ter  sections, a r e  not summarized in Section 11. 

It a lso presents  some of the work reported in 

The section 

The remaining sections of the repor t  cover three major  a reas .  

Section 111 i s  concerned with the status of OGO A a s  a launch-ready ve- 

hicle. Section IV descr ibes  the investigations into the use of new tech- 

nology of possible benefit to future OGO vehicles. 

the resul ts  of the analyses undertaken to determine the effect on the 

spacecraft  reliability of the changes necessary for the polar orbit. 

Section V presents  
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11. SUMMARY AND RECOMMENDATIONS 

During the course of the fifth OGO reliability assessment ,  nine 

Technical Advisement Memoranda (TAM's) have been prepared by PRC. 

Four  of these were  published ear l ie r ;  five appear he re  in final form for  

the first time, although major  findings of mos t  of these have been dis- 

cussed with m e m b e r s  of the OGO project organization and much of the 

work has been  covered in previous monthly p rogres s  reports.  In addi- 

tion to the TAM'S, severa l  smal le r  efforts have been conducted, which 

have been repor ted  on either in  the p rogres s  repor t s  o r  informally in 

conversations with members  of the OGO project orbanization. All of 

the nine TAM'S ar is ing out of the efforts of the fifth assessment  a r e  

published i n  their entirety in subsequent sections of this report .  

A. Summary  of TAM's 

The contents of the TAM'S a r e  a s  follows: 

1. TAM No. 25,  "Pre l iminary  ~ - -  Analysis of P a r t  Burn-In 
Benefits for  OGO" 

TAM No. 25  d iscusses  the potential worth of a par t s  burn-in 

program fo r  OGO. This investigation was initiated a s  the result  of a 

pa r t s  parameter-dr i f t  screening (PDS) program proposed for OGO by 

STL. As alternatives to  STL ' s  approach, two burn-in techniques a r e  

investigated by PRC, and a simple and inexpensive parameter-dr i f t  s e -  

lection method i s  outlined. 

te rmed "derated burn-in," is that utilized by BTL for the Tels tar  par ts .  

A significant amount of data ar is ing out of the Tels ta r  program was ana- 
lyzed, a n d i t  is concluded that a burn-in program conducted on a s imilar  

basis  for  OGO pa r t s  could be expected to yield a significant reduction in  

failure.rates.  The limiting factor,  however, is  the t ime required for  

the procedure,  for  the burn-in should continue a t  least 20 weeks. 

The first burn-in technique investigated, 

The second technique investigated is  that of burning in par ts  a t  a 

higher s t r e s s  level than that expected in service.  Essentially, this 
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technique at tempts  to accelerate  the fai lure-rate  reduction potential of 

the burn-in process.  

t e s t  t ime required for various percentages of failure in  Minuteman-type 

voltage re ference  diodes were  investigated. It is  concluded that burn-in 

for 80-percent rated junction temperature  for  2 weeks is potentially 

capable of providing a fai lure-rate  reduction for  OGO pa r t s  o i  a magni- 

tude similar to that claimed by STL ' s  PDS program. 

could, 

method o r  the STL PDS proposal, and within a minimal  t ime period. 

A rudimentary parameter-dr i f t  s c reen  was investigated which 

Empir ical  relationships between the s t r e s s  and 

This approach 

of course,  be realized at significantly l e s s  expense than the BTL 

could be used with either of the two burn-in techniques discussed. 

simple s c r e e n  is  easily available because, for either of the burn-in 

methods, it i s  necessary to measu re  the par t  parameters  before and 

af ter  the burn-in is completed. 

then, it is only necessary  to plot the frequency histogram function of the 

pa rame te r  changes for each parameter  and then eliminate the mos t  un- 

stable of the par ts .  

would require  a study in  m o r e  depth than was allowed by the scope of 

the TAM. 

This 

When either of these is undertaken, 

The elimination cr i ter ion i s  not established and 

The ma jo r  recommendations of the TMd a r e  as follovirs: 

a. The derated burn-in could resu l t  i n  significant pa r t  

failure- ra te  reductions as large as those claimed for 

the STL PDS program and at considerably l e s s  cost  i f  

the burn-in period i s  at least  20 weeks. 

Stressed burn-in could result  i n  equivalent pa r t  failure- 

ra te  reductions and a t  still lower cost  i f  the pa r t s  a r e  

burned in at s t r e s s  levels over 80 percent of rated 

s t r e s s  for  2 weeks. 

Additional benefit m a y  be gained from either burn-in 

techEique at practically no increase  i n  tes t  cost  by in- 

c ludiiig a rudiment a r y pa r  ain et e r - d rift s c r e en. 

b. 

c. 
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2 .  TAM No.  26, "Recommendatiofis for  a Single Classical  
Reliability Model for  OGO" 

A previous PRC TAM 1 compared STL's and PRC's  approaches 

to  the c lass ica l  prediction of OGO spacecraft  system and subsystem re -  

liability. TAM No.  26 examines fur ther  the differences in  modeling ap- 

proaches,  points out inaccuracies where they exist, and makes recom- 

mendations concerning the modeling approach PRC believes should be 

utilized for  continuing OGO reliability predictions. The previous TAM, 

which was a numerical  comparison of the resul ts  of STL's  and PRC's  

predictive models, is  thoroughly reviewed, and the variations in  model-  

ing approaches and assumptions that bring about the numerical  differ- 

ences in  the predictions a r e  isolated. 

I t  is pointed out that both STL and PRC agree  that the five major  

OGO subsystems split into t-wo c lasses ;  the Structure,  Thermal  Control, 

and Power Supply Subsystems all have relatively high predicted reliabil- 
i ty values, whereas the Attitude Control and Stabilization (ACS) and 

Communications and Data Handling (CDH) Subsystems have much lower 

predicted reliability values. Thus, from the standpoint of apportionment 

of reliability improvement effort, STL and PRC would clearly agree that 

mos t  of the effort should.be devoted to the ACS and CDH Sybsysterns. 

Moreover, STL and PRC would both proba,bly' recommend that the Power 
Supply Subsystem be next in  line for  reliability improvement effort, al- 

though there  is a significant difference in  the two reliability predictions 

for  the Power Supply Subsystem. F o r  the ACS and CDH Subsystems, al- 

though both models resul t  in  low predicted reliabilities, the sa lues  pre- 

dicted by STL and PRC a r e  widely variant. 

At the OGO system level, STL predicts a 1-year reliability of 0.20, 

whereas  PRC predicts 0.00026--a  difference of three o rde r s  of inagni- 

tude. 

should note that the use of cur ren t  STL ra tes  in  either model results in  

In o rde r  to see  the ef€ects of failure ra tes  a t  the system level, one 

1 

'TAM No, 34-18, Comparison of Current STL, and P R C  OCO Classical  
Reliabilitv Predictions,  18 November 1963. 
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approximately a hundredfold increase in  predicted system reliability 

over  that using PRC ra tes .  

of magnitude difference, and, since assignment of failure ra tes  involves 

a considerable amount of subjective judgment, this difference must  be 

viewedas an  "honest" difference i n  basic failure ra tes .  

o rde r  of magnitude, then, mus t  be attributable to modeling differences. 

Unlike with the subjectively justifiable failure- ra te  difference, PRC 
feels that this  difference due to modeling i s  not justifiable and should be 

resolved. More  explicitly, since ( I )  STL and PRC use the same method 

of analysis and (2)  the same OGO configuration is used, there is  no valid 

reason that an order  of magnitude difference in predicted system relia- 

bility should exis t  as a resul t  of modeling differences. 

This accounts fo r  two of the three o rde r s  

The remaining 

TAM. NO. 26 thoroughly examines, first for  the spacecraft system, 

and then for  each of the major  subsystems, the reasons for the differ- 

ences i n  the two models and recommends a model o r  modeling approach 

that in  each case can he universally used with confidence. 

c'ludies that the STL reliability rrodzl cqiizticEs f ~ r  the OGO spacecraft 

system and major subsystems are greatly oversimplified in  mos t  cases ,  

whereas  those derived by PlZC take every feasible step to  represent  the 

real-life situation faithfully. In addition, it points out that the differ - 
ences in  bas ic  assumptions underlying the models used for the CDH Sub- 

system a r e  pr iniar i ly  the result  of differences about the importance of 

the various modes of operation. 

ful authority in this a rea .  

The TAMcon- 

It i s  felt that GSFC should be the right- 

The major recommendations a r c  as follows: 

a. The PRC models c r  modeling approaches should be 

used m as the basic models in  making reliability pre-  

dictions o r  allocations and in conducting irrve s tigations 

into design improvement. 

If the capability for comparison of models is  consid- 

ered necessary,  the model differences in the CDH 

a r e a  should be resolved under GSFC guidance. 

b. 
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3 .  TAM No. 27,  "Pre l iminary  Review of  OGO S-50 Power 1_1 

Control Un i t "  

This  TAM descr ibes  a "sys tem level" review of the OGO S-50 

power control unit design and fai lure-  switching provisions, which was 

conducted to fo rm the basic  modeling framework for  the detailed relia- 

bility assessment  of the subsystem design. 

i n  which prel iminary qualitative analysis indicates that performance and 

reliability can be improved by subsystem changes in  the proposed design. 

Detailed numerical  assessments  are not included but a r e  deferred to  a 

la te r  TAM. 

failure-switching provisions a r e  described, and changes a r e  recommended 

in  the proposed design, including some circui t  changes. 

The TAM discusses  a r e a s  

Subsystem functional. operation and the available subsystem 

The design approach to the S-50 Power Supply Subsystem is en- 

t i re ly  different f rom that used for  the s-49. In addition, the s -50  uses  

N-on-P solar  cel ls  and silver-cadmium batteries instead of P-on-N 
solar cel ls  and nickel-cadmium batteries,  as a r e  used in the S-49. 

ma jo r  elements of the S-50 Power Supply Subsystem can be divided func- 

tionaiiy into I h e  following units: 

The 

a. The solar  a r r ay ,  which provides the basic system 

power and recharge o€ 'the batteries during sunlight 

periods 

b. The batteries,  which provide the basic system power 

during eclipse periods 

c. The solar  a r r a y  shunt regulators,  which control the 

so la r  a r r a y  output cur ren t  

d. The charge controls, which sense battery current ,  

temperature ,  and voltage status to drive the shunt 

_r e gulato r s 

e .  The s e r i e s  regulators,  which drop the battery voltage 

during charge to the voltage required at the load bus 

f .  The discharge control, which controls the bypassing 

of the se r i e s  regulators during discharge 
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g*  The load bus limiter, which red-crces the output of one 

of the "uncontrolled" a r r a y  sections when the output 

of both "uncontrolled" sections is grea te r  than the 

load requirements 

h. The cycle relay controls, which control battery charge 

frequency during extended' sunlight periods 

i. The cu r ren t  monitor excitation oscil lators 

j. The capacitor quad, which f i l ters  the load bus voltage 

The subsystem operates  in  two distinct modes,  as selected f rom 

the ground by command, to  correspond with the orbi t  of the spacecraft .  

Mode I i s  the "continuous" mode of charging the battery and wi l l  gener- 

a l l y  be used in  sunlight-eclipse' orbits;  &lode I1 is  the "cycle" mode of 

charging the bat ter ies  and will be used in  extended sunlight orbits.  

The available failure- switching provided fo r  i n  the proposed design i s  

thoroughly discussed, and the resulting deficiencies are  pointed out. 

Major recommendations for  design changes to surmount these deficien- 

c ies  a r e  as follows: 

a. The hilure - switching provisions should be revised to  
provide (1) s e r i e s  rcgul.ator cross-strapping and elim- 

ination of the load bus overvoltage relays,  and ( 2 )  

charge control of both batteries by one cycle relay in 

the cycle charge mode when the charge buses a r e  

cross-s t rapped.  

A ground-commanded override of the discharge con- 

t ro l  re lays  should be incorporated. 

The discharge control relays logic should be revised 

to operate on load bus voltage sensor  for  both charge 

and discharge conditions. 

b. 

c .  

The TAM makes additional, detailed recommendations on the im- 

provement of subunit circuit-, elements. 
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4. 

i n  the field 

TAM No. 28, “Use of Integrated Circuits for  Increased 
System Reliability” 

F o r  some time, PRC has been keeping t rack  of developments 

of integrated circuits,  pr imari ly  in  the a r e a  of reliability, 

but a lso taking into account such necessary  additional factors a s  power 

dissipation, availability, and cost. Due to the low predicted reliability 

of the present  OGO design (pr imari ly  as a resul t  of i t s  unusual complex- 

ity), PRC fee ls  the potential use of integrated circui t ry  in the implemen- 

tation of some of OGO’s subsystems should be given detailed considera- 

tion. Integrated circui ts  could provide significant gains in reliability at 

not too unreasonable a cost. TAM No.  28 descr ibes  the m o r e  important 

facts  that led PRC to this conclusion. 

The TAM first establishes the terminology used in  this discussion 

and then descr ibes  the two ma jo r  a r e a s  of technological development in  

present-day integrated circui t  techniques. The first  a r e a  involves thin- 

film circuits,  which represent  a two-dimensional approach to the physi- 

ca l  realization of electronic elements.  The elements a r e  synthesized in  

the f o r m  o€ thin films deposited in a patterned relationship on a struc- 

t u ra l  supporting mater ia l .  

tegrated circui ts ,  which embody a three-dimensional approach to the 

physical realization of electronic components. 

tion propert ies  of semiconductor active elements a r e  used to produce 

transistor-diode functions , and wide-tolerance passive component func- 

tions are  inseparably associated on o r  in a continuous body of semi-  

conductor ma te  rial. 

The second a r e a  involves semiconductor in- 

Here  the bulk and junc- 

Although volume and weight reductions a r e  important, i t  i s  m o r e  

important that  integrated circui t  techniques lead t o  significantly higher 

reliability and lower cost .  

elimination of assembly operations, and a marked  reduction of inter-  

connections (discrete  joints) will  increase  reliability and save costs.  

c 

Use of systematic production techniques , 

The possible application of integrated circui ts  to OGO i s  discussed 

thoroughly- 

(I) standard circuits,  (2)  custom circui ts ,  o r  (3) something in  between, 

Three  alternative types of integrated circuits may be used: 
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re fer red  to as customized c i rcu i t s .  Standard circui ts  a r e  off-the- shelf 

integrated c i rcu i t s  produced to a set  of specifications developed by the 

vendor; custom c i rcu i t s  are produced to the buyer 's  unique specifica- 

tions. 

which, in tu rn ,  are based on a configuration of integrated circuit  com- 

ponents a l ready  being use  

of circuits. 

The customized c i rcu i t s  a r e  designed to a buyer 's  specifications, 

by the vendor for  e i ther  of the other two types 

Digital circuits and E n e a r  c i rcui ts  must ,  as is frequently the case  

in  electronics,  be considered separately.  The m o s t  progress  has  been 

made in integrated digital circuits, and, because of the large amount of 

complex digital  c i rcu i t ry  aboard OGO, attention has  been directed toward 

th i s  area.  

direct-.coupled t r azs i s to r  b g i c  (DCTL), res is tor- t ransis tor  logic (RTL), 

r e  sis tor- capaci tor  - t rans i  sto r logic (RC T L) tr  ansi  st'or - coupled t rans i  s - 
2 t o r  logic (TTL or T L), diode-transis tor  logic (DTL), emitter-coupled 

t rans is tor  logic (ECTL), etc. The TAM includes a table listing typical 

worst-case operating conditions for some of the logic types. Systematic 

study generally indicates that none of the logic types is  inherently super- 

io r ;  each has  its advantages and i t s  disadvantages. With respect  to OGO 

as a specific s y s t e m  (and 2x1 view of the preliminary nature of the effort 

reported here), the fac tors  that mus t  be considered a r e  somewhat sim- 

plified. In o ther  words,  as an  already designed and tested system, 060 

is inherently unreliable. PRC feels that  integrated circui ts  offer g r e a t .  

p romise  of improving the reliability. 

reaching this conclusion are thoroughly discussed in  the TAM. 

Several  choices  of the particular logic to  use a r e  available: 

The specific factors  considered in 

The possibility of replacing portions of the OGO circui t ry  with 

standard integrated c i rcu i t s  i s  investigated to the depth allowed by the 

TAM. 
environmental operating charac te r i s t ics ,  power dissipation, noise im- 

munity, and fan-out. The r e su l t s  indicate that, at- this point, a signifi- 

cant improvement  in reliabil i ty at a reasonable cost  could be achieved 

through the u s e  of integraEed circui.try i n  portions of UGO. 

The TRE& cbns iders  such relevant factors  a s  operating frequency, 

Of the  many apparent  advantgges of integrated circuitry,  really 

significant krcrcases  in  achievable reliability may  prove to be the greatest .  
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The reliability data available a t  the t ime of writing was thoroughly ana- 

lyzed and'reported in  the body of the TAM. 

data, it is concluded that the failure ra tes  of integrated circui ts  a r e  at 

leas t  10  times less than those of similar d iscre te  component c i rcui ts .  

An appropriate  average semiconductor integrated-circuit  failure ra te  

for  prel iminary use i s  0.15 to 0.2 fa i lures  pe r  10  

hours.  

F r o m  this review of the 

6 integrated-circuit  

Major  recommendations presented in the TAM a r e  a s  follows: 
a. 

b. 

c. 

d. 

e. 

f .  

g*  

Use of integrated circui ts  in some portions of OGO i s  

feasible without necessitating basic logic redesign. 

Direct  substitution of off-the- shelf integrated circui ts  

o n  a one-to-one basis  probably is not possible, but 

substitution on a basis  of two o r  three standard inte- 

grated circui ts  for  one discrete  component circuit  ap- 

pea r s  to be feasible. 

It appears that power consumption will not be a ser i -  

ous problem. 

Noise susceptibility will require  c a r e  in  design. 

There  i s  reason to believe that the benefits would out- 

weigh the cost  involved. 

The, possibility of significant increases  (possibly or -  

d e r s  of magnitude) in  reliability has  been definitely 

determined to exist .  

A thorough and detailed analysis of the use of inte- 

grated circui ts  in  specific a r e a s  of OGO should be 

ca r r i ed  out as soon as possible. 

5. TAM No. 29, "Assessment  of the OGO S-50 Power Supply 
Subs y st em - 
TAM No. 27 gives functional. description and preliminary 

recommendations applicable to the OGO S- 50 Power Supply Subsystem. 

TAM do. 29 i s  a quantitative assessment  of the reliability of the 5-50 

Power Supply Subsystem for the POGO orbit. 

file is  character ized by the alternating periods of eclipse seasons and 

The POGO mission pro- 
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sunlight seasons.  

operational modes  corresponding to the two possible seasons. 

eclipse season, the normal  mode of Power Supply Subsystem operation 

is r e fe r r ed  to as the continuous charge mode. During the sunlight sea- 

son, the no rma l  mode of operation is the cycle charge mode. 

modes of operation a r e  necessary so that the batteries will have suffi- 

cient power when they a r e  required (eclipse season) and a r e  not over- 

charged when they a r e  not required (sunlight season). 

The Power Supply Subsystem operates  in two distinct 

In the 

These two 

Reliability of the Power Supply Subsystem i s  defined as the proba- 

bility that it will operate successfully in each mode when required and 

for the length of t ime required. 

cally evaluated, a specific mission profile is defined, and the a s ses s -  

ment  of the Power  Supply Subsystem proceeds on the basis of this profile. 

The approach of this assessment  involved a complete failure- 

S o  that this probability can be nurneri- 

effects analysis  for  all i i r s t -order  failures,  and some second-order 

failures,  occurr ing in the Power Supply Subsystem. 

analysis a r c  th2roughly dscxn?eEted in the exhibits cnntained in the TAM. 

In addition, it analyzes the output requirements of the solar  a r r ay ,  the 

depth of discharge of the battery (both for  when two batteries a r e  re -  

quired and for when one battery is  required),  and the probable output 

The resul ts  of this 

capability of the solar  a r r a y  as i t  var ies  with t ime due to degradation by 

radiation and other  effects of the space environment. These three anal- 

yses  a r e  included a s  appendices to the TAM. 

Power Supply Subsystem was computed both for  the case  where the bat- 

t e r i e s  a r e  not considered redundant and €or the case  where they a r e  con- 

sidered fully redundant. This made it possible to be flexible in deter-  

mining the point at which the two bat ter ies  a r e  no longer sufficient for 

Pow e r Supp Ly Sub s y stem ope ration. 

The reliability o€ the 

- 
Reliability of the Power Supply Subsystem is presented as a func- 

tion of tirhe and will be iound in  Exhibit 11 in the TAM. 

solar  a r r a y  output capability, i t  i s  highly improbable that the a r r a y  can 

supply the full  output required to operate the Power Supply Subsystem 

successfully for  a full yc2ar. 

A s  concerns the 

It is  probable, howeverg that the a r r a y  can 
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supply cur ren t  to operate the spacecraft  plus half the experiment load 

for  a year .  

In addition to assess ing  the reliability of the existing Power Supply 

Subsystem design, the TAM a s s e s s e s  the reliability of the design with 

various previous recommendations included; i. e . ,  (1) s e r i e s  regulator 

cross-s t rapping,  (2) revised cycle mode c ross -  strapping, and ( 3 )  ground- 

commanded discharge control override.  TAM No.  29 concludes that the 

reliability of the Power Supply Subsystem is relatively high but could be 

significantly improved by including the major  changes recommended in  

TAM No. 27. 

6 .  TAM No.  30, "POGO Experiment P rogrammer  Assessment" 

This TAM reviews the proposed design of the POGO experi- 

ment  p rogrammer  and evaluates i t s  implications on the spacecraft  and 

mission reliability. This review includes the experiment programmer  

itself, the five additional relays required, and converter 10 as a sepa- 

ra te  entity. 

The experiment programmer  provides variable duty cycle t 2 8  

volts to, at most ,  five different experiments via latching relays,  each 

of which has  been placed in s e r i e s  with the normal  power- control relay. 

The purpose of the experiment programmer  i s  to provide the 28 volts to 

the high-power experiments so that their  power consumption can be con- 

trolled on a t ime-share  basis.  

To a r r i v e  at a mathematical  model for  accurately predicting the 

reliability, a fa i lure  analysis was performed which considered not only 

the specific effect of a fai lure  but a l so  the overal l  effect on mission oper- 

ation. 

ity of failure effects, in  Exhibit 3 of the TAM. 

The results. of the analysis a r e  tabulated in  o rde r  of the cri t ical-  

To a r r i v e  a t  the data presented in  Exhibit 3, single component fail- 

u r e s  in each circui t  element were  analyzed to determine i f  they caused 

that element t o  fail t rue  o r  false.  Open input diodes in  gates werecon-  

sidered separately,  since this causes  a different kind of loss by means 

of a change in  the logic output of that gate. 
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Analysis of the experiment p rogrammer  revealed that failure ef- 

fects  could be grouped into fi.ve specific categories: 

a. 

b. 

C .  Those which cause an indeterminate 3-28 volts to be 

Those which cause C 2 8  volts to be continously 

Those which cause 4-28 volts to be continuously "off" 

continuously ''on" o r  "off," depending on state of opera- 

tion at t ime of failure 

Those which cause al tered duty cycle(s) d. 

e. Those which have no effect 

Examples of each of these types of ia i lures  a r e  contained in  the 

Fa i lures  previously classified as causing continuous t 2 8  volts TAM. 

o r  0 volts to the experiments, al tered duty cycles, and no effect a r e  

shown to cause one of th ree  effects upon the mission: (1) abort  the mis- 

sion, (2)  cause loss of high-power experiments,  o r  (3) have no effect on 

the overal l  mission value. The TAM points out that, i n  some cases ,  the 

use  of backup commaids  m a y  negate the eifects of some of the failures,  

although this method requi res  considerable computer time. 

Numerical a r s e s s m e ~ i t  of thc rcl ishi l i ty  e f fec ts  of i-he experiment 

p rogrammer  on t h e  POGO rnjssioii resul ts  in the computation of two prob- 

abilities: 

28 volts continuously and at' least  one experiment caanot be switched out), 

and ( 2 )  that all the high-power experiments will be lost. These two prob- 

abilities a r e  determined to be 0.1 06 and 0.353, respectively* 

(1) that the entire miss ion  wi l l  be lost  (programmer  providing 

Major  recommendations ar is ing out of this analysis a r e  as follows: 

a. The command codigurat ion logic duty cycle relations 

should be studied for  optimization from a reliability 

standpoint . 
The continuous 'I on" capability should be changed to 

"continuous off" command for grea ter  fail-safe 

c apab il ity 

The output of the experiment programmer  should be 

instrumented so  that its operatirig state can be readily 

determined on the gi-ound. 

b. .. 

c. 
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7. TAM No.  31, “Review of Capacitive Tachometers fo r  Attitude 
Control Reaction Whee Is ‘ I  

The previous OGO ACS Subsystem used a magnetic tachome- 

This tachometer was t e r  to determine the speed of the reaction wheels. 

a simple device with a reliability approaching 1 , but it became a prob- 

lem because of the magnetic field i t  created.  

field, a capacitive tachometer was designed that would achieve the same 

pulse-train waveform character is t ics .  The original version of this sys- 

tem incorporated a single variable capacity system consisting of a r ec -  

tangularly toothed capacitive plate on the s ta tor  and a sawtoothed capaci- 

tive plate on the rotor .  Because of the direct  relation between load re -  

sistance and output voltage, however, it was necessary  to incorporate a 

buffer arnplifier with high input impedance and low output impedance be- 

tween the tachometer output r e s i s to r  and the frequency-to-DC converter 

c i rcui t ry  that receives  the signal. In addition, the original single var i -  

able capaci.tive element tachometer was found to be susceptible t o  400 

cycles motor  drive pickup and to electrostatic charge accumulation on 

the tachometer capacitor plates. To circumvent these effects, a single 

capacitor pat tern was al tered to two synimetrically balanced rotor and 

s ta tor  patterns.  

consisting of th ree  functions: 

amplif ier ,  (2)  a gain stage to provide the pulse level and character is t ics  

required by the frequency-to-DC converter circuitry,  (3) an output 

emitter-follower to feed the low impedance frequency-to-DC converter.  

It is this buffer amplifier that inter jects  the inherent reliability degrada- 

tion brought about by the new tachometer.  

To reduce the magnetic 

The following design necessi ta tes  a buffer amplifier 

(1)  a high input- impedance differential 

Since no low-level redundancy was incorporated into the design of 

the Suffer amplifier,  the reliability assessment  of the new tachometer 

system proceeded on a par t s  count basis.  

was computed for a period of 1 y e a r ’ s  orbit  f o r  the total o€ the three re-  

The reliability of the system 

action wheels involved in  the AGS Subsystem. 

i s  0.95. 

The resultant reliability 
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The m a j o r  conclusions are as  follows: 

a. The reliability of the ACS Subsystem is degraded 

slightly. 

F r o m  a system standpoint this degradation is practi- 

cally negligible. 

b. 

8 .  TAM No. 3 2 ,  "Effects of Universal Wiring System and Com- 
rnand Receiver  Frequency. Change on OeO.  Spzcecraft 
Re liability " 

This TAM reviews the design and evaluates the implications 

on spacecraf t  and mis s ion  reliability of (1) the use  of a "universal" wir-  

ing system and (2) a command receiver  frequency change. 

of these two changes is explained fully in  the TAM itself. 

The analysis 

The TAM concludes that the reliability of the spacecraft  is  slightly 

increased with the universal  wiring system because the number of con- 

nectors involved is  reduced, and that the reliability of the command re-  

ceiver  remains  unchariged. Thus, essentially, the net eflect of these 

two changes upon the spacecraft. s y s i e r n  relidliiiily is  a s L g h I  iiicredse. 

9. TAM No. 3 3 ,  "OGO A Reliability Critique" 

This  TAM reviews the failure his tor ies  of the units inte- 

grated into OGO A in  o r d e r  t o  determine if any have a failure his tory 

that would rslake its potential reliability questionable. 

port  and component summar ie s  covering the period f rom 1 November 

1962 to 1 May  1964 w e r e  reviewed and all OGO A unit failure repor t s  

were  extracted.  

Integration L o g w e r e  =sed as a guide to the OGO A units. 

OGO failure re -  

The unit s e r i a l  numbers  appearing on the Spacecraft 

The applicable fa i lure  repor t s  were  examined f o r  any signs of sus- 
I 

picious fai lure  pat terns  o r  repetitive ia i lure  patterns without evidence 

of sufficient cor rec t ive  action. 

viously reported in a p rogres s  report ,  i s  included in the OGO A relia- 

bility cri t ique for  completeness.  

The 'FkU.4 concludes that OGO A units have experienced a signifi- 

In addition, a s imi la r  ea r l i e r  effort, pre-  

cant number of fa i lures  during the testing programs but that (1) those 
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which w e r e  repetitive have been sufficiently corrected,  and (2) the r e -  

mainder  have not ser iously degraded the reliability of the units. 

B. Aclditional Work Areas  

F a r  completeness, this section descr ibes  additional work a r e a s  re-  

ported OB in previous p rogres s  repor t s  but not covered in TAM'S in the 

Later sections of the report .  The re  are  three specific tasks. 

o b s e r v a t k n s  and reviews of tests per iormed on the OGO spacecraft; the 

third analyzes the "purple plague" problem in the PT4-7059 t ransis tors .  

Two are 

An additional task was to make prel iminary reviews of severa l  pro- 

posed Of243 design changes. 

conversations with members  of the OCO project organization ear ly  in the 

fifth a s ses smen t  period. 

Results of these reviews were  reported in  

1. Review of OCO Prototype Thermal  Vacuum Test 

The test procedure was reviewed and the test setup observed 

just  before  the OGO prototype thermal  vacuum tes t  was initiated. PRC 
believes %-hat, within the obvious cost  constraints,  the tes t  procedure and 

equipmemt a r e  adequate to descr ibe the spacecraf t ' s  capability to operate 

under space  conditions 

quakely s imulate  the major  elements of the space thermal and vacuum con- 

The simulation equipment is  sufficient t o  ade- 

ditions, and the instrumentation provided and tes t  procedure followed are 

sufficienk to detect any significant deviations in  spacecraft  performance. 

2. Review of OGO Prototype Spacecraft Torsional Vibration 
Tes t s  

The performance of the OGO prototype spacecraft  torsional 

vibration tests was observed. 

du re  followed were adequate. 

sufficient to provide the required data. 

ua l  evidence of cross-coupling between solar  panel la te ra l  vibration and 

The tes t  equipment utilized and the proce- 

The instrumentation used was judged to be 

During the tes ts ,  there was vis- 
Y 

spacecrag$ tors ional  vibration. 

ble resonance was estimated at 0.1 to 0.2 inches double amplitude. 

visible damage occurred during the tes t .  

Solar panel tip deflection at  the one visi- 

No 
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3 .  Investigation of "Purple  Plague" 

In this connection the following documentation was  reviewed: 

STL Fai lure  Reports No. 8708. 

Fairchi ld  Semiconductor Internal Correspondence to Tom 
Williams f rom J. L. Far ley ,  14 January 1964. Subject: 
TE- 1341, Space Technology Laboratories.  

S T L  IOC 9371.1-277 t o  J. C. Horvath f rom L. €3. Garner ,  
2 3  January 1964. Subject: Fa i lure  Report No. 8708 and 
Purple  Plague. 

STL IOC 9371-1-292 to  J. C. Horvath f rom L. J. Mar t i re ,  
4 February  1964. Subject: Laboratory Investigation To 
Determine Possible Deleterious Effects of Purple  Plague. 

STL IOC 9371.1-317 to  J .  C. Horvath f rom L. H. Garner ,  
26 Februa ry  1964. 
PT4-7059 and 2N708 Trans is tors .  

Subject: Laboratory Evaluation, 

Unless fur ther  evidence i s  brought to light, it i s  concluded that 

"purple plague" has  no detrimental  effect on the performance o r  failure 

r a t e  of the PT4-7059 t rans is tor .  This conclusion is  based on two prin- 

cipal factors.  

IOC 9371.1-337, including the performance of the signed t e s t  for paired 

observations on the Group V data a t  V = 10 ma , al l  indicate that no 

significant difference existed in  the pa rame te r s  of the t rans is tors  before 

and af ter  tes t .  

tioning. 

base short  which is in d i rec t  opposition to the type of ia i lure  that should 

be caused by "purple plague" i f  it were  to cause failures.  

e r t i e  s include poor electrical conductivityo brit t leness,  and a coefficient 

of thermal  expansion different f rom its con .a tkents  (gold and aluminum), 

it would be expected that i f  any fai lures  were  to be related to "purple 

plague" they would bii open bonds rather  than collector-base shorts .  

(1) Various s ta t is t ical  checks of the data presented in  

BE 

Group V involved the mos t  severe  environmental condi- 

(2)  The failure which originated the investigation was a collector- 

Since its prop- 
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TECHNICAL ADVISEMENT MEMORANDUM NO. 34-33  

To: Assis tant  OCO Project  Manager, GSFC, NASA 

From: 

Subject: OGO A Reliability Critique 

PRC OGQ Reliability Assessment  Team 

1 .  lntroduc tion 

This TAM reviews the fai lure  his tor ies  of the units inte- 

grated into OGO A i n  o r d e r  to determine their  potential reliability. 

The OGO Fai lure  Report and Component Fai lure  Summaries cov- 

ering the period f rom 1 November 1962 through 1 May 1964 were  r e -  

viewed and all QCO A unit failure reports  were  extracted. The unit s e -  

rial numbers  appearing on the Spacecraft  Integration Log (undated) were 

used a s  the guide to the OGO A units. 

determined, cur ren t  as of about 1 August 1964. 

reports  w e r e  then examined for  signs of suspicicus o r  repetitive failure 

patterns far which there  had not heen sufficient correct ive action. 

The log was,  as well as could be 

The extracted failure 

2. OCQ A Unit Fai lures  

The compiete se t  of failure summar ies  is contained in  the 

appendix to this TAM. 

T h e r e  was only one case  of a potential. problem. Failure Report 

No. 6907 oi 27 January 1364 reported the detection of a n  open circui t  

between pins 40 and 41 of 4A18-J2. The result  was loss  of continuity 

through the temperature  sensor  thermis tor .  Rather than opening the 

unit and subjecting it to extensive rework, the correct ive action taken 

was to mod2fy the connector c on electronics assembly s e r i a l  No. E4 and 

then mate  it with t ransport  T7 for  a spare .  However, the Integration 

Log now inficates t ransport  T7 is on board, and the only concern is to 

ensure that in  a last-minute effort the electronics assembly serial No. 

E4 and tran-tsport T7 a r e  not de-mated for  any reason. This should not 

be a problem since the checkout sequence would pick up  the discontinuity. 



The ADWA se r i a l  No. 5 had experienced failures of t r iad t rans-  

f o r m e r s ,  but correct ive EO'S were issued requiring that ail t ransform-  

ers  be changed to OEO's. 

t ransf o r  me  r failure s . 
This  par t icular  unit has exhibited no more  

Several  unconfirmed fai lures  were  reported in  different units. 

However, in all cases ,  efforts to duplicate the fai lures  proved unsuc- 

cessful,  and it was believed the fai lures  were  caused by tes t  equipment 

o r  operator  e r r o r ,  

to support this conclusion. 

In most  ca ses ,  a logical hypothesis could be found 

3. P r e viorr s Inve s t ig a t io n 

1 
The  May P r o g r e s s  Report 

ous PRC investigation of OGO A units. 

contained a suniinary of a previ-  

F o r  completeness, it i s  repeated 

verbat im he re, 

The second a r e a  investigated concerned the fai lure  
his tor ies  of five 060 A units. The units involved were: 

P / N  201529 - Command Distribution Unit, S/N 3 

P / N  201460 - Wide Band Trsnsmi l t c r ,  4 watt, 
S / N  3 and 4 

P/I\T 201441 - Low-Frequency Timing Assembly, 
S /N  3 

P / N  201 140 - Analog Da-ta Handlicg Assembly, 

P / N  200934 - Drive Electronics A s s e m b l y ,  

The fai lure  summar ies  availabie (throu.gh March) were  
reviewed, a.nd selected failure repor'is were examined to 
assess  the possible effects of the failure his tor ies  experi-  
enced by these units. 
with three  notable exceptions, the fai lures  experienced 
by these units throughout their lifetime were of a random 
nature  caused pr imari ly  by Isbrication problems poor 
workmanship, and overtesting (pr imary  vibration) clue to 

S/'N 5 and 1 0  

S / N  3' 

The conclusion reached was that, 

1 

Geoph.ygicnl Observatories,  h r  period ending 30 May !964. 
C64-2052,  dated 9 J u l y W 4 .  

TechnicAl Progress Report 011 a Reliati l i ty SIudjT --___I_ for thn 0rbj t i t -z  -- 
PfTC 

-lll_p-- 

'The Spacecraft  Integration Log now indicates that Drive Electronics 
Assembly S / N  6 j s  installed in 0 C O  A. 
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severa l  rework cycles. It is felt that the effects of these 
pr ior  failures on the reliability of the units is negligible. 

The three  cases  in which the fai lures  were  not con- 

(1) 

( 2 )  

(3) 

s idered to be random are :  

Eight fa i lures  of STL P / N  PT4-2009 diodes 
in the LFTA. 

Twenty-eight fa i lures  of t ransformer  T 3  
(STL P / N  521500-1) in the ADKA. 

S i x  motor drive magnetic amplifiers (STL 
P / N  PT6-2007) failed in the Drive Elec-  
t ronic s A s s e mbly . 

In all th ree  cases  the cause of the fai lures  was deter-  
mined and correct ive action instituted. In case  (11, the 
problem was due to mishandling of a sensitive micro-  
diode, which resulted in intermittent opens. Assembly 
procedures  were  refined, and additional fabrication ex- 
perience apparently resolved the problem. 

Case (2) involved breakage of t ransformer  wind- 
ing wires  adjacent to their  pin attach points during ther-  
mal cycling. The  breaks were  ductile tensile breaks,  
as indicated by the fact  that the wire  was necked down 
at the f rac ture .  During imanufacture thesc wircs a r c  
exposed to thermal  s t r e s s e s  when the t ransformer  i s  
encapsulated. 
most experienced coil winders to reduce the frequency 
of occurrence of this failure. 

The manufacturer s tar ted using their  

The solution to case  (3), which was due to inad- 
vertent removal of -2OV bias supply f r o m  the unit dur-  
ing tes t ,  was accomplished by revising the tes t  instruc- 
t ions,  providing a plug-in protective circuit  and additional 
control windings to prevent the magnetic amplifiers f r o m  
drawing excessive current  i f  the -20 V bias is interrupted. 
In addition to the fixes implemented, it is pointed out that 
these failures a r e  not a t  all likely to  s l ip  by tes t  without 
being detected. 

4. G en e Pa1 c on c lu s ions 

F o r  the most  part ,  the past  fa i lures  of OGO A units fall into 

two categories: 

a.  The fai lures  were repetitive; the cause has  been de- 

termined,  and satisfactory correct ive action was in- 

stituted early enough so that sufficient testing since 

then indicates the problem is solved. 

3 



b. The fai lures  were  random in nature and due to a num- 

ber  of causes ,  pr imari ly  workmanship a.nd fabrication 

di f f  icultie s . 
It is felt that the fai lures  exhibited previously by the various OGO 

A units do not, at this t ime,  represent  a threat to the reliability of these  

units. 

what higher than might have been hoped fo r ;  'however, f rom the informa- 

tion available, there  is no reason to believe that the reliability of the 

units has  been impaired significantly. 

The  number of fa i lures  experienced in some cases  seems  some- 

5. SUMMARY 

OGO A UNITS HAVE E X P E R I E N C E D  A SIGNIFICANT NUM- 

B E R  OF F A I L U R E S  DURING THE T E S T I N G  PROGRAMS;  HOWEVER:  

a. T H O S E  WHICH W E R E  R E P E T I T I V E  HAVE B E E N  

S U F F I C L E N T L Y  C O R R E C T E D .  

b. THE REMAINDER HAVE NOT SERIOUSLY DEGRADED 

THE RELLABILITY O F  THE UNITS. 

4 



A P P E N D I X  

F A I L U R E  HISTORY 

This listing constitutes a complete history of OGO A unit fa i lures  

as extracted from the STL Fai lure  Report Summaries  for  the period 

1 November 1962 through 1 May 1964. 
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TECHNICAL ADVISEMENT MEMORANDUM NO. 34-25 

To: Assistant 060 Project  Manager, GSFC, NASA 

From:  s s e s sme nt Team 

Subject: Pre l iminary  Analysis of Part Burn-In Benefits for  OGO 

1. Introduction 

This effort was undertaken in order  to provide timely assist- 

ance in determining the potential worth of a pa r t s  burn-in program 

for OGO. Two burn-in. techniques were investigated, and a preliminary 

estimate of the potential benefits of each to the OGO program i s  presented. 

In addition, a very  simple and inexpensive parameter-dr i f t  selec- 

tion method is outlined which is felt to be of significant potential value to 

OGO if  e i ther  of the burn-in techniques discussed is utilized. 

Due to  the l imited t ime available, this investigation was restr ic ted 

pr imari ly  to sem-icond~ctor  devj-ces 

2.  Derated Burn-In 

The first burn-in technique investigated was that utilized by 

BTL for the Tels ta r  pa r t s .  

selection p r o g r a m  invoked by BTL for Te ls ta r  was much more complex 

than that par t icular  facet herein te rmed "derated burn-in. I' 

plete selection prograr-x entailed first subjecting the pa r t s  to  mechanical 

inspection and quality control tes ts ,  during which approximately 3 p e r -  

cent were rejected,  and then periorming "life tes t s  and selection." 

"life tes t s"  consisted of placing the devices in operation at circuit  (ap-  

proximately 1 0  percen€ of rated for Te l s t a r )  and temperature  conditions 

s imilar  to those expected in  actual performance. The tes ts  were con- 

ducted f o r  periods of 2. to 2 0  weeks, with the average duration being 15  

weeks. 

pa rame te r  reading outside these limits was consjdered a fajlure (as  well 

It must be understood that the complete par t  

The com- 

The 

P a r a m e t e r  lirr,its were determined lo r  the pa r t s  such that a 

hic fa i lures ,  of course). .  These parameter  limits were fairly 

tight due tcs  the c i rcui t  applications of some af the par ts .  

1 



In addition to the burn-in o r  "life tes t , "  the par t s  were screened 

f o r  parameter  drift as discussed in TAM 34-24. Discussion of burn-in 

techniques herein is l imited to the burn-in tes t  and the catastrophic and 

out -of - l imits failur e s . 
Exhibit I presents  the resul ts  f o r  29,644 t rans is tors  and 28,525 di- 

odes subjected to the described testing for the Tels ta r  program. 

sults of Exhibit: 3b indicate that a burn-in prosgram conducted on a s imi la r  

basis  for OGO p2rts could he expected to yield a reduction in failure rate 

s imilar  to the reduction factors of f rom 2 to  18 claimed for the PDS pro-  

gram,  and at considerably l e s s  cost. The limiting factor, however, is 

the time requi red  for the procedure. 

l eas t  2 0  weeks, especially since t rans is tors  apparently experience a sig- 

nificantly higher  reduction at s6me point between 1 0  and 2 0  weeks. 

The r e -  

The burn-in should continue for  at 

It should be remembered  that the par ts  actually.used in Tels t s r  

were only those 1p.assiii.g both rigorous parameter  -drift analyses and the 

"life tes t ,"  during which approximately 60 percent of the par t s  were 

eliminated. 

somewhat smaller than those appearing in Exhibit i ,  since ZIGG parts 

a r e  procured to relatively tight specifications. 

Also,  it is felt that the failure-rate reductions may be 

3. S t r e s sed  Burn-In 

The second technique investigated was that of burning in 

par t s  at higher s t ress  levels than those expected in  service.  

technique is an attempt to  achieve acceleration of the failure-rate r e -  

duction potential of the burn-in principle. It i s  well to emphasize that 

the relationskips utilized and the conclusions drawn in this discussion 

a r e  not based 0x1 a.n impressive mass  of data. It i s  felt, however, that 

the relationships a r e  essentially valid and that the conclusions a r e  suf- 

ficiently accura te  to indicate order  -of-magnitude effects. 

This 

.. 

f H. T .  Go has derived empirical  relationships between the s t r e s s  

(cur ren t )  and test t ime required for various percentages of failure in 

Minuteman-type voltage reference diodes. These relationships a r e  

I "Accelerated Life Testing," Proceedings of the loth National Symposium - 
on Reliability and Quality Control in Electronics, I January  1964, 

2 



EXHIBIT 1 - BURN-IN DURATION 

Duration 

1 week 

2 weeks 

5 we ek s 

10 weeks 

20  weeks 

2 weeks 

5 weeks 

1r3 weeks 

2 0  weeks 

2 weeks 

5 weeks 

10 weeks 

2 0 weeks 

6 Fai lure  Rate Per 1 0  Pas t  13ours 

Trans i s to r s  Diodes 

150 

100 

7.0 

4.0 

0.8 

4.5 

3.0 

1 .o 
0.4 

0.1 

Fai lure  -Rate Reduction 
(Percent  of 1 -Week Failure Rate)  

Trans is tors  Diodes 

0.67 0.67 

0.47 0.22 

Os?? 0.09 

0.05 0.03 

Reduction Factor  (Times Reduced 
F r o m  1-Week Failure R a t e )  - 

Trans is tors  Diodes 

1.5 1.5 

2.1 4.6 

3.7 11.2 

20.0 32.2 
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utilized for all the computations involved in analyzing the possible bene- 

fits of this technique. 

The data presented by Go included 2-percent and 5-percent failure 

plots of s t r e s s  ve r sus  time. In o rde r  to allow a d i rec t  comparison of 

this  technique with the derated burn-in, a plot of 1.25-percent failure 

(approximate Te l s t a r  experience) was extrapolated from the 2 -percent 

and 5-percent plots. 

Since GSFC is proposing a burn-in based on consideration of thc 

rated junction temperatures  of the devices, power raticrs were utilized 

in this analysis because they a r e  sufficiently l inearly related to tempera 

ture for the purpose. This is based on t h e  fact that the devices will be 

tes ted in controlled hot environments, and the heat lost  to ambient will 

be slight and depend very little on the junction temperature.  There-  

fore,  since Power = I R for these devices, the ratio of tes t  cur ren t  

to ra ted cur ren t  can be expressed as  

2 

_l-----_l_ 

I, rated Powe I-, rated 

and, for the Tels ta r  par ts ,  

I ratio = fi = 0.316 . 

For OGO par t s  burned in at 80 percent of rated junction temperature,  

I ratio -* = 0.895 . 

Assuming an 80-ma. rated current  for both devices, 

I, tes t  (Te l s t a r )  = 25.3 ma. 

and 

I, tes t  (OGQ) = 71.6 ma. 

4 



Returning to the 1.25-percent failure plot of current  stress versus  tes t  

t ime mentioned previously, the burn-in t ime req  

percent failure is 

Tels ta r  pa r t s  (25.3 ma. ) = 2.6 
2 OGO par t s  (71.6 ma.) = 1.7 x 1 0  

and the tes t  t ime acceleration factor is 

' 3  
Time acceleration factor = 2 ' 6  l o  = 15.3 . 

1.7 x l o z  

The 15.5 weeks' burn-in t ime indicated for Te ls ta r  par ts  i s  essentially 

equivalent to the 15-week average t ime on tes t  reported for the Tels tar  

program, and therefore provides a substantial check on the accuracy and 

applicability of the method used. 

It may be inferred,  then, that the burn-in proposed by GSFC at 

80-percent rated junction temperature for  2 weeks is  potentially capable 

of providiilg a failure-rzte rechction for  OC-0 parts cf ;t r r?- ;kde *"6""* si;???i- 

l a r  to  that claimed for  the PDS program. The GSFC approach could, of 

course,  be realized at  significantly l e s s  expense and within a minimal 

t ime period. 

herein a r e  very rough and no guarantee can be made that fa i lure-rate  

reductions of this degree actually will be realized. 

It is to be emphasized, however, that the estimates made 

4. Rudimentary Parameter-Drif t  Screen 

If one of the two burn-in techniques discussed is applied to 

OGO parts ,  a very simple parameter-dr i f t  sc reen  which imay be of 

significant benefit can be included at practically no increase in testing 

cost. Cost of additional par ts  required, however, may be nonnegligible. 

With either of the burn-in techniques, it i s  necessary to measure  

the devicels parameters  both pr ior  to  and after completing the burn-in 

period in order  to eliminate those that a r e  failed either catastrophically 

o r  out of tolerance limits. ace this is the case,  two points a r e  avail- 

ab1 

de t 

meter  drift occurring during the burn-in can be 
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The proposed technique consists of plotting the frequency histogram 

function of the parameter  changes for each parameter  and then eliminat- 

ing the most  unstable of the parts. The elimination cr i ter ion can be e s -  

tablished in any number of ways, and should be determined by an analysis 

of more  depth than is  allowable here .  

One method of establishing this cri terion, however, would be to 

eliminate the same percentage of par t s  a s  was screened out due to each 

of the same cr i t ical  pa rame te r s  in the Tels ta r  programs.  

ter ion were established, it could be stated that the expected reduction in. 

failure ra te  would differ f rom that achieved by the Tels ta r  parameter -  

drift  screening program only by that percentage of pa r t s  which displays.  

nonmonotonic parameter  dr i f ts .  

percentage displaying nonmonotonic drifts  would be low. This method, 

of course,  would require a significant expenditure for additional par ts .  

If this c r i -  

It can generally be expected that the 

From the foregoing, it is obvious that more  serious study should be 

given t o  the screening cr i te r ion  before the cr i ter ion cculd be selected 

with high confidence in its applicability. 

THE PURPOSE O F  THIS TAM IS TO DISCUSS METHODS OF,  

AND- POTENTIAL BENEFITS FROM, BURN-IN O F  OGO SEMICONDUC - 
TORS. TWO BURN-IN TECHNIQUES ARE DISCUSSED. 

a. THE DERATED BURN-IN (I. E . ,  PARTS ARE BURNED 

IN AT EXPECTED OPERATING CONDITIONS) COULD RESULT IN PART- 

FAILURE-RATE REDUCTION AS LARGE AS THE FACTORS O F  2 TO 18 

CLAIMED FOR THE STL PDS PROGRAM AT CONSIDERABLY LESS COST 

IF THE BURN-IN PERIOD IS AT LEAST 2 0  WEEKS. 

b. THE STRESSED BURN-IN (I. E . ,  PARTS ARE BURNED 

IN AT HIGHER- THAN- EXPEG TED STRESS CONDITIONS) COULD RESULT 

IN EQUIVALENT PART-FAILURE-RATE REDUCTIONS, AND AT STILL 

LOWER COST, IF THE PARTS ARE BURNED IN AT STRESS LEVELS 

O F  80 PERCENT O F  RATED STRESS FOR 2 WEEKS, AS PROPOSED BY 

GSFC. 



c .  ADDITIONAL BENEFIT MAY BE GAINED FROM 

EITHER BURN-IN TECHNIQUE AT PRACTICALLY NO INCREASE IN 

TEST COST B Y  INCLUDING A RUDLMENTARY PARAMETER-DRIFT 

SCREEN (RPDS) AS PROPOSED IN THIS TAM. 

d. AN ANALYSIS IN GREATER DEPTH THAN WAS AL-  

LOWED HEREIN IS NECESSAnY TO ESTABLISH THE SCREENING 

CRITERION FOR THE PROPOSED RPDS IF IT IS TO BE UTILIZED. 

7 
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To: 

From: 

Subject : 

1. 

TECHNICAL ADVISEMENT MEMORAND 

stant OGO Projec t  Manager, 

PRC UGO Reliability Asse 

ifor OGO 
endations for a Single Classical  Relia 

htrodac t ion 

The purpose of a recent PRC TAM (Reference 1 )  was to 

compare STL's and PRC's  approaches to the c lass ica l  prediction of 

OGO spacecraf t  sy?tem and subsystem reliability. Hopefully, GSFC 

can use the recent predictions &ade independently by STL and PRC 

(cf. References 2 and 3) to assess where the OGO development stands, 

reliability-wise, and to identiiy which OGO equipment should receive 

the grea tes t  effor t  toward reliability improvement. More explicitly, 

in a reas  where  the two predictions agree,  GSFC can feel saie in tak- 

ing whatever action is indicated. 

dicate that a given subsystem's  reliability is approximately the same 

high value, GSFC can safely place reliability improvement effort e lse-  

where in the spacecraft. 

even approximately, GSFC understandably has  difiiculty in deciding 

which m o r e  accurately predicts cur ren t  reliability and, consequently, 

must use  considerable  guesswork in determining where effort should 

be placed in seeking reliability improvement. 

For example, i f  both predictions in- 

But, when the two predictions do not agree,  

So that the reade r  can better appreciate the magnitude of the dii- 

ferences between the STL and PRC reliability predictions, Exhibit 22  

of Reference 1 is presented on the following page. 

ues  given in the e d i b i t  represent  the predicted reliability for a one- 

year  OGO mission. Note also that one of the exhibit 's purposes is to 

allow rapid examination of the effect of using various failure r a t e s  

The reliability val- 

1 

two c lass ica l  reliability models, 

PDS fai lure  rates are those predicted by STL to resul t  f rom the appli- 
cation of parameter -dr i f t  screening (PDS)  to component par ts .  

1 
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It is immediately evident f rom the ex?aibit that  both STL and PRC 

find that the five major  060 subsystems split into two classes ,  each de- 

fined by a range of predicted reliability values. That is, the Structure,  

The rma l  Control, and Power Supply Subsystems all have relatively 

high predicted reliability values, whereas the ACS and CDH Subsystems 

have much lower predicted reliability values. F r o m  the standpoint of 

apportionment of reliability improvement efiort ,  then, it is c lear  that 

STL and PRC would agree that the major  portion of such effort should 

be devoted to the ACS and CDH Subsystems. 

that both STL and PRC would recommend that the Power Supply Subsys- 

tem be next i n  line for reliability improvement effort. Indeed, in view 

of GSFC's one-year-spacecraf t  reliability goal of 0.7 and the PRC pre-  

diction of 0.686 fo r  the Power Supply Subsystem, PRC unquestionably 

recommends'  application of a signi€icant portion of the total reliability 

improvement effort t o  the Power Supply Subsystem, whereas, in view 

of the 0,915 value predicted by STL, it is conceivable that STL might 

recommend that all of the reliability improvement effort be used in 

L l p i ~ V L l g  "Lie two  weakest subsystems e 

Moreover,  it is likely 

__^__^  -- ----- 

It is well to  note that the preceding concl.usions can he generally 

drawn regardless  of model o r  failure ra tes  used; however, a s  regards  

differences in absolute values of the predictions, it is seen that wide 

variations exist, Fo r  example, at the system level, STL predicts a 

one-year reliability of 0.20, whereas PRC predicts 0.00026, a differ-  

ence of three o rde r s  of magnitude. 

a t  the system level, one notes that use of current  STL ra tes  (i. e.  

non-PBS ra t e s )  in either model resul ts  i n  approximately a hundredfold 

increase in  predicted system reliability over that using PRC rates .  

This accounts fo r  two of the three orders  of magnitude difference, and, 

since assignment of failure ra tes  involves a considerahle amount of 

subjective judgment, this difference must  be viewed a s  an "huncst"  dSf- 

ference in basic failure ra tes .  

To see the effect of failure ra tes  

'Assuming that the 0,7 requirement is  not relaxed, 

3 



The remaining o rde r  of magnitude difference,  then, must  be at-  

tributable to modeling differences. That this  is t rue  can be seen  by 

comparing corresponding columns in the ' 'system" row of Exhibit 22 

(e .  g., using PRC ra t e s  in the STL and PRC models yields 0.00267 and 

0.00026, respectively). Unlike the subjectively justifiable fa i lure-rate  

differences,  PRC feels that this  difference due to modeling i s  not justi-  

fiable and should be resolved. More explicitly, a s  pointed out in Refer- 

ence 1, since ( 1  ) STL and P R C  use the same general  method of analysis 

and (2 )  the same OGO configuration i s  used, there  is no valid reason 

that an order  of magnitude difference in  predicted system reliability. 

should exist  a s  a resul t  of modeling differences. 

Since Referknce 1 has  identified the modeling (and other)  differ- 

ences,  the purpose of this TAM is to  take the next step; that is, to ex- 

amine fur ther  the reasons for  such differences and to recommend, for 

the spacecraft  system as w e l l  as for each major subsystem, a model or  

modeling approach which can be universally used with confidence. As 

will be seen, it i s  possible in some cases  to state "this model i s  r e c -  

ommended," whereas in o ther  ca ses ,  because differences in basic as- 

sumptions must  be resolved f i r s t ,  only a general  modeling approach 

c-an be recommended. - 
As in Reference 1, the spacecraft  system models will be exam- 

ined f i r s t ,  followed by an examination of the models of each major sub- 

system in the same order  a s  that of Reference 1. 

repetition and use  of models out of context, references t o  portions 

(e .  g., equations o r  sections) of Reference 1 wil l  be l iberally made. 

Accordingly, i t  i s  important that the reader  have a copy of Reference 1 

a t  hand a s  he reads the remaining sections of this TAM. 

To avoid needless 

c 

2. Overall. OGO System 

Two of the prerequis i tes  to real is t ic  mathematical model- 

ing of a complex system such a s  the OGO spacecraft  a r e  { 1 )  a reliability 

block diagram of the system and ( 2 )  a mission profile. The former  
1 identifies the " in  s e r i e s "  and "in parallel '* elenwnts within the system, 

'Used here  in the sense of major  "black boxes." 
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or, more  generally, descr ibes  how the system elements re la te  reliability- 

wise, so that proper  mathematical relationships can be written. 

t e r  allows the model developer to identify the point in t ime when each sys-  

The lat- 

t e m  element is required.  Some elements, for example, may be inoperative 

and/or  in a quiescent state during cer ta in  portions of the mission and fully 

operable otherwrise. Thus, the first prerequisite helps to ensure that all  

e lements  a r e  considered, whereas the second ensures  that they a re  con- 

s idered  only when they should be. 

In addition t o  these two modeling prerequis i tes ,  it i s  also impor- 

tant that the model developer understand the effects of various types of 

fa i lures  and the sys tem's  remaining capabilities in the face of failures.  

He must, in short ,  be able to catalog all  alternative 'configurations that 

the sys tem can assume (a s  a resul t  of failures and/or  human or auto- 

mat ic  reconfiguration decisions) which retain some or all  of the sys tem's  

capability. 

the useful alternative s ta tes ,  together with appropriate nominal and al- 

ternative mission profiles,  a r e  all that is needed to develop the appropri- 

ate basic probability relationships expressing system and/or  subsystem 

reliabil i ty 

Now, since the number of such alternative s ta tes  may easily be 

Thus,  the fai lure-free system configuration os  state and all  

untenably large for a complex system (such as  a spacecraft  system),  

the model developer is forced to make simplifying assumptions. He 

may, for  example, assume that all  system elements a r e  "in series," so  
that  only the fai lure-free state is of interest  and the system reliability 

model routinely follows the well-known product rule,  

mission profile, note that this assumption also implies that every ele- 

ment must be fully operable fo r  the entire duration of the mission. In 

general ,  each simplifying assumption amounts to ignoring the existence 

of cer ta in  alternative s ta tes  that might exist and contribute to useful. 

system capability. Dropping them and their  associated probabilities 

of occurrence,  therefore ,  yields pessimist ic  reliability predictions, 

the degree of such pessimism depending o h  the total probability of o c -  

currence  of such s ta tes  and their useful contributions. 

As regards the 

5 



E 5s incumbent upon the model developer, therefore,  to a s s e s s  

numerically the degree of pess imism that each simplifying as sumption 

introduces into the model. 

model any major  element whose reliability is very nearly unity o r ,  

equivalently, whose contribution to unreliability i s  negligible relative 

to  that of other elements. 

for  the degree of pess imism in his  model, he cannot expect t o  achieve 

He can--and it is often done--drop f rom the 

Unless he has  a good quantitative appreciation 

meaningful numerical  predictions, nor can he confidently utilize the 

model to a s s i s t  in  reliability improvement analyses. 

Returning now to the OCO system reliability modeling and predic- 

tions, the reader  will note that Reference 1 points out that both PRC 

and STL were  forced to  make simpli€ying assumptions. 

level STL utilized the product rule (cf.  Equation (1 ) of Reference 1 ), 

taking into account "in se r i e s "  and "in parallel" relationships a t  the 

subsystem level. PRC, on the other hand, recognized that, with the 

single exception of the The rma l  Control Subsystem, all  subsystems 

assume two distinct hardware configurations, each depending on whether 

o r  not the digital command portions (elevated to subsystem rank by 

PRC)  o f  the system are operable. 

therefore,  is that PRC feels that the STL approach is an oversimplifi- 

cation which introduces too much pess imism into the predictions. 

At the system 

The difference in the approaches, 

Accordingly, it is recommended that the PRC system model, 

Equation (2 )  of Reference 1, be adopted as the basic OGO system rel ia-  

bility model ("basic"  in  the sense that i t  be employed whenever a pre-  

diction of OGO system reliability is desired) ,  For  the r eade r ' s  con- 

venience and l a t e r  reference,  this basic model i s  repeated below, 1 

Recall that the superscr ipt  (1 1 indicates subsystem reliability g' iven 

an operable Digital  Command Subsystem, and the superscr ipt  (2)  implies 

'Dropping the second subscript  ''I?,!' since it is no longer necessary.  
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that the Digital Command Subsystem is inoperable. 

to be interpreted as follows: 

The subscr ipts  a r e  

Subscript  

A 
€3 

C 

D 

E 

F 

G 

S 

P 

Interpretation 

OGO Spacecraft  

Structure Subsystem 

Thermal  Control Subsystem 

Power Supply Subsystem 

Attitude Control and Stabilization 
Sub s ys  t e m  

Communications and D a t a  
Handling Subsystem 

Digital Command Subsystem 

Space Teclinology Laboratories 

Planning Kesearch Corporation 

Note also that the above equation is now7 Equation (I); that is, fo r  ease  

of reference all equations herein will be numbered with Roman numerals ,  

eliminating the need for  statements such as “Equation (8) of Reference 1.’’ 

Finally, reca l l  that it is understood that each factor in Equation (I) i s  a 

function of operating time, t. 

Before going on to the next sections, which treat the subsystems 

individually, it is  important to note that the philosophy underlying Equa- 

tion (I) c a r r i e s  over--again with the exception of the Thermal  Control 

Subsystem--to the subsystem level. That i s ,  it is recommended that 

the basic  reliability model for each subsystem be as follows: 

where the subscript  X can be any one of B, D,  E,  or  F ( i . e . ,  exclud- 

ing only C , the Thermal  Control Subsystem). As  in Equation (I), oper-  

ating t ime,  t , is implicit in Equation (11). Written explicitly as a func- 

tion of operating t ime,  Equation (In) becomes 

c 
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3. Structure Subsystem 

A s  can be seen f rom Reference 1, STL and PRC have dif- 

ferent  reliabil i ty block d iagrams for the Structure Subsystem. 

explicitly, as seen f rom Exhibits 3 and 4 of Reference 1, the major  dif- 

More 

ference in the reliabil i ty block d iagrams is that STL assumes  that de- 

ployment initiation will take place with certainty,  whereas  PRC believes 

that the probability of successful deployment initiation must be assessed ,  

with and without an operable Digital Command Subsystem. 

ferences occur  in the interstaging function and in  the hinge/spring por- 

tions of the deployment function. 

pendages, but further examination of their  reliability (cf. Reference 3 )  

yielded a predicted value of very nearly unity; hence, no factor for the 

appendages appears  in the reliability equations e 

Other dii- 

In addition, PRC considered the ap- 

Except for easi ly  correctable  e r r o r s  in two reliability equations 

(Equations (11) and ( l ? ) ) ,  the STL equations accurately represent  the con- 
1 2 

figuration given in Exhibit 3 .  Similarly,  PRC ' s  equations faithfully rep- 

resent  the situation in  Exhibit 4. An inimediate problem, then, is how 

one is to resolve the di lemma of having two accurate  se t s  of equations 

fo r  the Structure Subsystem. Fortunately, resolution is very straight- 

forward; there  should be only one "true" reliability block diagram for  

the subsystem, and, once this  is established, the appropriate reliability 

equations can ra ther  routinely (because of the subsystem's  relative 

simplicity) be wri'cten. 

PRC wishes to go one step further.  Specifically, since the rel ia-  

bility block diagram of Exhibit 4 was  derived af ter  considerable detailed 

'It i s  to be understood hereaf ter  that all exhibits re fer red  to a r e  in 
Reference 1. 

'At this juncture, some minor typographical oversights in Reference 1 

should be pointed out. Specifically, PBs in Equations (5) and (17) should 

have been wri t ten a s  R to be consistent with Equation (I). Similarly, 
( 1 )  of Equations (18) and (19) should have been writtena.s R 

fin all.^, 

BS 
BP PBp (1-1 and 

and RBpP ( 2 )  respectively, to be consistent with Eq,uation ( 2 ) -  

PEP of Equation (5) should have been writ ten as RBP (. 
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study of the actual design, i t  is believed that this i s  in fact the "true" 

reliability .block d iagram,  Accordingly, it is recommended that GSFC 

adopt Equations (15), (16), (18), and (19) as the basic reliability model 

equations for  the Structure Subsystem. 

subsystem design changes that have taken place subsequent to the develop- 

ment of these equations should be accounted for by appropriate. revisioii 

of the equations. 

1 

Of course ,  the effects of any 

It may be of in te res t  to  the reader  to observe that Equation (6) can 

be put in the fo rm of Equation (11). 

Equations (6), ( S ) ,  ( l o ) ,  ( 1 3 ) ,  (14), (15),  (16), (17>, and (18) and t h e n .  

factor the resu l t  appropriately. In Equation ( l o ) ,  P(comrnand) i s  equal 

to RG in Equation'(II), while P(no command) 

4. Thermal  Control Subsystem 

To see this ,  one need only combine 

equals 1 - RG e 

Since the STL model for the Thermal  Control Subsystem i s  

known to be in e r r o r  (cf. Reference 1)  in that 36 failure modes considered 

a r e  not mutually exclusive, it is recomnxnded that the P R C  model given 

by Equation (21) be adopted as the basic reliabiiity model f o r  the Thermal 

Control Subsystem. 

the reliabil i ty PEP of the thermal  control equipment of the experiment 

packages can be shown to equal unity for  all pract ical  purposes,  one can 

equivalently adopt Equation (23)  a s  the basic model. 

Since the reliability PTS of the thermal  shield and 

Fur ther  refinements of these equations may be desirable a s  a resul t  

of the heat balance analyses conducted by STL. 

found nece ssasy, would possibly affect the definition of failure f r o m  the 

standpoint of the number of louvers involved in each case and might modify 

the proportions of the failure r a t e s  assigned to "stuck open" and "stuck 

closed" conditions -- 

Such refinements, if 

5. Power Supply Subsystem 

In the case of the Power Supply Subsystem, STL has  not been 

in consonance with the two fundamental prerequis i tes  essent ia l  to real is t ic  

modeling; specifically, i t  tias (1) oversimplified the basic reliability block 

'As before, omitting the second subscript ,  
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diagram and (2) generally ignored. the mission profile. 

nizes  the importance of mission profile to the model is evident f rom its 

introduction of the concept of "criticality" of component par t s .  That is, 

all Power Supply Subsystem component pa r t s  a r e  categorized as to the 

percentage of time that a failure is "critical" to the subsystem. 

percentages used a r e  100, 50, 20, and 0. The overall  effect of this con- 

cept is ta reduce the total number of component p a r t s  that  en ter  into the 

reliability prediction calculations. A s  shown in Exhibit 10, only 318 of 

the 499 parts comprising the subsystem enter  into the calculations, with 

181 being considered noncritical. 

That STL recog- 

The 

Now the question can be asked, "If such pa r t s  axe noncritical, why 
fly them at all?" The answer,  of course ,  is  that th&ir cri t icali ty is  

mission-time -dependent, and the notion of cri t icali ty is  introduced more  

o r  less as a type of averaging p rocess  to avoid the necessity of looking 

in detail at a number of dist inct,  useful subsystem states .  In short ,  it 

simplifies the analysis.  PRC contends, however, that in o rde r  to ensure 

that the notion of cri t icali ty gives acceptable resu l t s  one must  "check it 

out" by careful ly  examining the alternative s ta tes  that  might occur during 

the mission.  

the cr i t ical i ty  notion disregarded.  

cality approach works for  one subsystem, it can be applied to others," 

appears  questionable, since the subsystem configurations and functions 

differ great ly .  

In this  event, the detailed analysis might well be used and 

Even the argument that "If the cr i t i -  

On the other  hand, the PRC analysis considers  every component 
1 par t ,  the detailed interrelationships among subsystem elements ,  the 

mission profile (including solar  cell  and bat tery degradation), the com- 

mand backup capability, and a number of likely failure modes. A s  a r e -  

sult  the model equations developed by PRC are felt  to represent  real life 

faithfully. Accordingly, i t  is  recommended that GSFIS adopt Equations 

(25) and ( 2 6 )  and their  supporting equations as the basic reliability model 

equations for the Power Supply Subsystem for EGO missions,  

The Power Supply Subsystem as defined by PRC contains fewer total 1 

component pa r t s  (232) than that defined by STL (499). This  difference 
can  be l o c d i z e d  to the charge control units, but further resolution is 
impossible without the details  of STL's par ts  count methods. 
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6 .  Attitude Control and Stabilization Subsystem 

PRC' s  init ial  assessment  (cf. Reference 4) of the ACS Sub- 

system essent ia l ly  considered the subsystem as consisting of a relatively 

large number of "in ser ies"  elements and a few "in parallel" elements.  

A s  a resu l t ,  the reliabil i ty model equations were r a the r  straightforward, 

pr imar i ly  involving the product ru le .  

ments ,  however,  PRC analyzed the ACS Subsystem in much more detail.  

It is unique among the subsystems in the sense that it 'must automatically 

(with minimal  command backup) cycle itself through several  modes of 

operation during the mission,  each such mode involving, in  effect, a 

reconfiguration of the ACS Subsystem components that must be active. 

Thus,  PRGIs prel iminary reliability assessment  was  too gross ,  since 

it essent ia l ly  assumed that the majority of component pa r t s  must  be fully 

energized throughout the entire duration of the missions.  

this lack of r ea l i sm,  P R C ' s  la te r  reliability assessments  of the subsystem 

were based on the functional approach of de scribing subsystem reliability 

in t e r m s  of the reliabil i ty of the four (non-independent) servo channels 

comprising the subsystem, carefully keeping t r ack  of the configuration 

of actively operating components in each of the operating modes that the 

subsystem p a s s e s  through during the mission. In addition, the revised 

models accounted for the increase in subsystem reliability associated 

with the command backup capability (cf. Equation (II} with X = E).  

In the second and third a s s e s s -  

To overcome 

STL's  cu r ren t  model fcf.  Reference 2) ,  on the other hand, i s  very 

s imilar  in  concept to PRC's preliminary model and consequently possesses  

the same limitations,  Mission profile effects a r e  partially considered 

by STL via  introduction of duty cycles for some of the parts.  

interesting to note that t h e  cri t icali ty concept i s  used very  little by STL 

for this subsystem: Finally, STL's component par t s  count of the sub- 

system is 1,188 ve r sus  1,467 by PRC.' 

It is also 

Not counting 2'79, or  19 percent, 

'The pa r t s  count difference is pr imari ly  a resul t  of the handling of the 
sensor e lectronics  and logic assembly (SELA), although the difference 
in  approach also accounts for n u e ' r o u s  discrepancies,  Resolution of 
the differences would require  a knowledge of the details of STL's par ts  
count method. 



of the p a r t s  effectively "buys" more  reliability; however, this practice 

is jus t i f iabk  only i f  the reliability of these pa r t s  is near-perfect  or  they 

a r e  noncrieical. 

To sum up the preceding discussions of the two approaches, i t  is 

evident that STL has again oversimplified the situation with a concomitant 

l o s s  in realism. 

rea l i sm wherever  possible and consequently again feels obliged to recom- 

mend adoption of the PRC model equations a s  the basic reliability models 

for the ACS Subsystem. 

the recommended PRC model equation, and the exact version is given by 

the set  of equations on pages 111. B-65 and 111. B-66 of Reference 3 .  

PRC, on the other hand, .has emphasized inculcation of 

Equation (37) is a highly simplified version of 

It is well  to note that neither STL nor PRC has a s  yet included the 

O P E P  subsystem in ei ther  the overall  spacecraft  system o r  the ACS Sub- 

system rel iabi l i ty  models and predictions. 

section, it is bes t  to consider the effect of OPEP reliability (or ,  more  

precisely,  O P E P  unreliability) in conjunction with the assessment  of the 

A s  will be seen in the next 

-0 ,. ,liabl!i?,y of the CDH Subsystem 

7. Communications and. Data Handling Subsystem 

A s  in the case of the other subsystems, Reference 1 shows 

that the STE approach to reliability assessment  of the CDH Subsystem 

is overly simplified. F r o m  the table on page 58 of Reference 1, fo r  ex- 

ample, it is c lear  that STL uses  the cri t icali ty notion toan  unreasonably 

grea t  extent,  Fur thermore ,  some of STL's basic assumptions a r e  in- 

consistent ifsee, for example, i tem 2 on page 55 of Reierence 1). It is 

well to not2 that the table on page 58 of Reference 1 might be interpreted 

to indicate that PRC also adopted the cri t icali ty concept, but to a l e s s e r  

degree.  Actually,- PRC's  reduction i r o m  17,373 to 12,999 par t s  resul ts  

f rom the number of simplifying assumptions regarding the CDU, the DDHA, 

and the t racking system. 

accounting for the backup capability of the Digital Command Subsystem. 

STL fur ther  oversimplifies the situation by not 

Again, 

rea l i sm than 

PRC's model 

because PRC's  model provides a much closer  approach to 

does STL's ,  there  is.no alternative to recommending that 

be adopted. A simplified version is presented in Equations 
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(48), (so), and (51), and the exact equations are Equations 111.A-16 
through 111,A-22 of Reference 3 .  

It is recognized that one of the main causes  of divergence of the 

STL and PRC models stems f rom the fact  that the assumptions under- 

lying the two as ses smen t s  differ greatly (cf. page 55 o i  Reference 1 for  

specifics). 

ward comparisons of "apples and oranges." It is felt that the assumptions 

utilized in  the formulation o€ the PRC model a r e  by far the more  realist ic.  

A s  a resul t ,  comparisons of the models in  this area tend to- 

If, however, GSFC des i r e s  to make d i rec t  comparison between the models, 

resolution of the differences should be guided by GSFC clarifications as 

to which CDH Subsystem functions a r e  felt to be of grea te r  importance to 

the mission. 

In addition, it has  been recognized that model adjustments at the 

system and/or  subsystem level to account for O P E P  reliability a r e  

essential  in o r d e r  to increase  modeling r ea l i sm further.  A s  to where 

this added consideration might most appropriately be introduced, PRC 

has  concluded that it fits best  as a factor in the CDH Subsystem models. 

The reason for this is that "operable s ta tes"  a r e  defined in  the classical  

approach to be those with relative value equal to o r  greater  than two- 

thirds ,  o r ,  equivalently, those for which at l ea s t  two-thirds of the ex- 

periments can still be "serviced" by the spacecraft .  

orientation, fully o r  in degrees ,  resu l t s  i n  the loss of some o r  all of the 

O P E P  experiments.  Thus, since the CDH Subsystem is the only other 

subsystem whose failed s ta tes  retain some experiment servicing capa- 

bility, it is natural  to revise  the CDH Subsystem model to incl.ude combined 

OPEP/CDH s ta tes  that are "operable" in the sense defined above. 

Loss of O P E P  

Hence, for  the CDH Subsystem it is recommended (1) that the PRC 

modeling approach be adopted and (2)  that  the concept of "operable" 

combined OPEP/CDH states  deIined i n  the preceding paragraph be in- 

corporated.  
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8. 

THAT THE 

SUMMARY 

A REVIEW O F  REFERENCE 1 LEADS TO THE CONCLUSION 

STL RELIABILITY MODEL EQUATIONS FOR THE OGO 

SPACECRAFT SYSTEM AND MAJOR SUBSYSTEMS ARE GREATLY 

OVERSIMPLIFIED, WHEREAS THOSE DERIVED B Y  PRC TAKE EVERY 

FEASIBLE S T E P  TO REPRESENT TI-IE REAL-LIFE SITUATION FAITH- 

F U L L Y .  ACCORDINGLY, IT IS RECOMMENDED THAT THE PRC 

MODELS BE ADOPTED AS THE BASIC MODELS TO BE USED IN MAK- 

ING RELIABILITY PREDICTIONS AND ALLOCATIONS AND IN CONDUCT- 

ING DESIGN IMPROVEMENT INVESTIGATIONS. 

FOR GREATER REALISM, O P E P  CONSIDERATIONS CAN BE IN- 

TRODUCED INTO THE CDH SUBSYSTEM MODEL, 

IF CAPABILITY FOR DIRECT COMPARISON O F  MODELS IS CON- 

SIDERED NECESSARY, THE MODEL DIFFERENCES IN THE CDH AREA 

SHOULD BE RESOLVED UNDER GSFC GUIDANCE. 

14  
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TECHNICAL ADVISEMENT MEMORANDUM NO. 34-27 

To: Assistant OGO Project  Manager, GSFC, NASA 

From: 

Subject: 

PRC OGO Reliability Assessment  Team 

Prel iminary Review of OGO S-50 Power Control Unit 

1. Introduction 

A "system-level" review of the OGO S-50 power control unit 

design and failure-switching provisions was conducted to form the basic 

modeling framework for the detailed reliability assessment  of the sub- 

system design. This TAM discusses  a r e a s  in  which the preliminary 

qualitative analysis indicates that performance and reliability can be 

improved by subsystem changes in  the proposed design. Detailed nu- 

mer i ca l  assessments  a r e  not included here ,  but w i l l  be given in the 

fifth reliability assessment  of the OGO spacecraft. 

Subsystem functional operation and the available failure- switching 

provisions a r e  described in Section 2. Changes recommended in the 

proposed design, including some circuit  changes, a r e  discussed in 

section 3 ,  

2. Subsystem Description 

a, General 

The functionof the OGO S-50 Power Supply Subsystem 

is to furnish direct-current  electrical  power to the spacecraft  loads at 
a load bus voltage regulated to be within 23,5 and 33.5 volts d-c. This 

is accomplished by using solar cells t o  furnish power to the loads and 

to charge the bat ter ies  when the spacecraft  is in sunlight, and by using 

the bat ter ies  for delivering power to the loads when the spacecraft i s  

in darkness,  

The power control unit automatically controls the charge cur -  

rent of each battery to  a constant value of l ampere,  5 amperes ,  

o r  10 arnperes, as commanded from the ground, In addition, the 

power control unit reduces the battery charge cur ren t  when an  upper 

1 



voltage l imi t  is reached to prevent battery overvoltage. 

upper voltage l imit  of 36.4 volts, 37.4 volts, or 38.4 volts [which 

a r e  a l so  functions of battery temperature) can be selected by ground 

command. 

A nominal 

Exhibit 1 is a functional block diagram of the OGO 5-50 Power 

Supply Subsystem and shows the two branches of the system including 

the major  elements, which a r e  the solar  a r r ays ,  the batteries,  and the 

power control unit, These major elements can be divided functionally 

into the following units: 

The solar  a r r ay ,  which provides the basic system 

power and recharging of the bat ter ies  during the sun- 

light period s. 

The batteries,  which provide the basic system power 

during the eclipse periods, 

The solar  a r r a y  shunt regulators,  which control the 

solar  arra,y uutput current,  

The charge controls,  which sense battery current,  

tczzperature, and - ~ l t = r g ~  status to  d r i v e  the shunt 

regulator s 

The s e r i e s  regulators,  which drop the battery voltage 

during charge to the voltage required a t  the load bus. 

The discharge control, which controls the bypassing 

of the se r i e s  regulators during discharge. 

The load bus l imiter ,  which reduces the output of one 

of the f'uncontrolled" a r r a y  sections when the output 

of both uncontrolled sections i s  g rea te r  than the load 

r e qui r em e nt s e 

The cycle re lay controls, which control battery charge 

frequency during the extended sunlight period. 

The cur ren t  monitor excitation oscil lators 

The capacitor quad, which f i l t e rs  the load bus voltage. 

Functional cperation of the Power Supply Subsystem i s  described 

in  subsection 2.b. The subunits making up each of the units and the 

functional operation of each a r e  described in subsection 2, c. 

2 



1 ------ 

I 
I 
I 
I 
I 
I 
I 
i 
I 
I 



1 b. Subsystem Functional Operation 

The subsystem operates in  two distinct modes, as se- 

lected f r o m  the ground by command to correspond with the orbi t  of the 

spacecraft. Mode I i s  the "coiitinuous" mode of charging the bat ter ies  

and will generally be used in  sunlight-eclipse orbits;  Mode I1 is the 

llcyclefl mode of charging the bat ter ies  and will be used in  extended 

sunlight orbi ts .  The system cur ren t  and voltage relationships of these 

two modes of operation as a functionof t ime a r e  i l lustrated in  Exhibits 

2, 3, and 4, which are  r e fe r r ed  to in the description of system opera- 
tion be low e 

(1) Mode I (Continuous Charge Mode): 
Sunlight - Eclipse Orbit 

(a )  Case  1: Direct-Connected Arrays  Furnish - 
Less  Power Than That Required by the 
Spacecraft Load 

F o r  the following discussion, reference 

is  made to the Power Supply Subsystem functional block diagram inEx-  

hibit 1 and the graphs in  Exhibit 2 ,  depicting the continuous mode of 

charging the bat ter ies  (Case 1). 

P r i o r  to To in  Exhibit 2 ,  the spacecraft  is in  darkness,  the out- 

put f rom the solar  a r r a y  i s  zero,  the discharge control. r e l a y  contacts 

fK105, K205) a r e  closed, and the bat ter ies  a r e  discharging as they fur- 

nish power to the spacecra-ft loads. 

of the bat ter ies  is  approximately 25 volts, yielding a load bus voltage 

0.7 volts lower, corresponding to the voltage drop through the diodes 

CR.106 and CR206 in the respective branches.  The discharge cur ren t  

f rom each battery in  the case i l lustrated is 4 amperes .  

In the case  illustrated, the voltage 

As the spacecraft  enters  into sunlight (a t  t ime To in  Exhibit 2 ) ,  

the so la r  a r r a y  i s  illuminated and the solar a r r a y  voltage increases  

rapidly, reaching the battery voltage at t ime T When the so la r  I "  

'Much of the information concerning Power Supply Subsystem functional 
operation is taken directly f rom Reference 1 
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a r r a y  begins to deliver power to the spacecraft  

cur ren t  i nc reases  and becomes la rger  than the 

bat ter ies  start charging. The b 

increase  until, at T it 

the ground ( i .e . ,  1 amper  

i l lustrated,  the cur ren t  limit i s  5 amperes) .  Constant cur ren t  r e  

tion will  now remain in  effect until the battery voltage reaches the upper 

limit 

2 '  

1 as  defined by the following equation: 

VB = 37.40 - 0.024 (TB - 30) volts 

where T is the battery temperature  in  degrees  Fahrenheit. I3 
When the load bus voltage reaches 32.5 volts at T 

control re lays  a r e  r e se t  (deenergized), removing the shunts ac ross  the 

s e r i e s  regulators.  F o r  the remainder of the sunlight period, s e r i e s  

regulation will be in  effect, yielding a load bus voltage which is  held 

to  31.5 volts It 1 percent,  while the bat ter ies  a r e  charged to their  se-  

lected upper vz!tz-e lj E-?;+ *I Ab. 

the discharge 3 '  

As so lar  a r r a y  power is  furnished to the load and to the batteries,  
2 each bat tery voltage continues to increase  until (at T 

voltage reaches  its upper limit of 37.4 volts (for the normal  uppervolt- 

age limit and 30 F battery temperature) .  At this  time, battery voltage 

regulation s t a r t s  and will be in effect for  the remainder of the sunlight 

period t s  maintain the battery at  the selected upper voltage limit. The 

battery charging current  now decreases  and continues to  decrease  until 

the end 01 the sunlight period. 

} the battery 4 

0 

Charging the battery continuously (between 

'Battery upper voltage limits can be decreased o r  increased one volt 
by commanding limit "A" o r  limit "E," respectively. 
l imit  is the normal  value. 

'The remainder  of the paragraph descr ibes  the action of one branch 
during charge.  The second branch will operate independently and in  

e r  until one of the batteries indicates discharge and the 
ro l  re lays  a r e  set ,  

The 37.4-volt 
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T4 and T ) as described above constitutes the continuous mode of 

charging. 

the batteries.  ) 

5 
(Refer  to subsection 2. b(2) for the cycle mode of charging 

As the spacecraft  en te rs  into darkness  (at T5 ), the solar  a r r a y  

ceases  to furnish power to  the load and to the bat ter ies .  

voltages and the load bus voltage decrease.  

ren ts  reduce to ze ro  and, as the battery voltages drop below 37.4 volts, 

battery voltage regulation ceases .  

r e v e r s e s  and reaches a value of approximately 300 i-nilliamperes dis-  

charge,  a signal is generated to set  (close) the contacts of the discharge 

control re lays ,  causing s e r i e s  regulation to cease and connecting the 

bat ter ies  directly to the load bus through their respective diodes in each 

branch. 

The battery 

The battery charging cur-  

When ei ther  of the battery cur ren ts  

During the sunlight- eclipse transition period, the solar  a r r a y  and 

the bat ter ies  share  the load, consistent with the amount of power avail- 

able f rom the solar  a r r ay .  When the so la r  a r r a y  output goes to zero,  

each battery provides, i n  the case  ilhxstrated, 4 amperes  to the load. 

- nil ---- ri q n  & the I - 6  no r i  *"- n;l bet-vr;ecn thc battery and load b u s  v o l i -  

ages  decrease ,  as indicated on the graph, until (at T ) they again reach 6 
the steady values of approximately 2 5  and 24 .3  volts, respectively. The 

total  sunlight- eclipse sequence i s  completed when t ime To  is  again 

reached. 

T5  and T6 

The above discussion and Exhibit 2 a r e  based on the premise  that 

the two solar  a r r a y  sections connected directly to the load bus (not via 

the series regulators) combined provide l e s s  power than the spacecraft  

minimum load, so  that the load bus l imiter  i s  not required to corneinto 

action to maintain the load bus maximum limit at 32.5 volts. 

(b) Case  2 :  Direct-Connected Ar rays  Furnish 
More Power Than That Required by the 
Spacecraft Load 
c .- 

It should be noted that the battery voltage 

and cur ren t  character is t ics  a r e  essentially the same in  Case  2 as in  

Case  1, but that the load bus voltage i s  regulated differently i n  Case 2 ,  

where the load bus l imiter  is active. 

7 



Exhibit 3 shdws the voltage and cur ren t  relationship when the direct-  

coiinected sections of the a r r a y  can provide m o r e  power than the space- 

craft load, as may be the case when the solar a r r a y  is new or cold, 

sequence up to the t ime 

The 

Tg is the same as in Case  1. 
When the load bus voltage a t  t ime T3 in  Exhibit 3 reaches 3 2 . 5  

volts, the load bus l imiter  starts regulating the load bus’voltage to this 

value. At the same time, a signal f rom the load bus l imiter  r e se t s  the 

discharge control  relays,  removing the shunts f rom a c r o s s  the se r i e s  

regulators.  Since, however, the load bus voltage is  higher than the 31.5 

volts at which the s e r i e s  regulator is  designed to regulate, no cur ren t  

passes  through the regulator;  therefore,  the s e r i e s  regulators have no 

control of the load bus voltage. The load bus voltage i s  regulated by 

the load bus l imiter  to 32.5 v I 1 percent for the remainder  of the sun- 

light pe r iod - 
A s  i n  Case 1, battery cur ren t  regulation takes place in  the period 

T4 f rom T2 to  Tq and battery voltage regulation is  i n  effect between 

and T 5 .  

When the  spacecraft  enters  into darkness ,  the solar a r r a y  decreases  

until the direct-connected sections of the a,rray can no longer maintain 

the load bus at 32.5 volts, and the load bus voltage l imiter  drops out. 

Also, as the bat tery voltage goes below 37.4 volts, battery voltage lim- 

iting o r  r egda t ion  ceases ,  since the output f rom the battery charging 

a r r a y s  also decreases .  The se r i e s  regulator will regulate the load bus 

voltage to 31.5 volts as  long a s  the a r r a y  can put out enough power so  

that the bat tery does not discharge.  

As in  C a s e  1 ,  when either of the battery cur ren ts  r eve r ses  and 

reaches the value of approximately 300 m a  discharge,  the contacts of 

the discharge control re lays  a r e  closed and the bat ter ies  a r e  connected 

directly to the spacedraft load bus through their  associated diodes. 

(2)  Mode I$ (Cycle Charge Mode): Extended Sunlight Orbit 

If the Mode I method of charging were  used dur-  

. ing extended periods of sunlight, overcharging of the battery would re -  

sult. 

overcharge,  a second charging mode, designed to prevent overcharging 

Because of the inability of the battery to withstand continuous 
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of the battery,  is 'uti l ized for  the extended sunlight orbit. 

charging method is selected by ground command and operates as described 

below (reference is made to Exhibit 4).  

The Mode 91 

Charging of the battery' to the upper limit of 37.4  volts takes place 

i n  a manner  similar to the continuous mode of charging; however, in  the 

cycle charge mode relatively little t ime and charging power will be re -  

quired fo r  the battery to  reach the upper voltage limit of 37.4 volts after 

reaching it the first t ime, since very  little charge will be removed f rom 

the bat tery in the float cycle. 

When the upper limit i s  reached, the charging circui t  i s  opened 

by the cycle re lay (K104 o r  K204) and the battery is  allowed to float dis-  

charge  down to the lower limit of 33.6 volts, a s  indicated in  Exhibit 4. 

When the lower limit is reached, the cycle re lay is  deenergized and the 

bat tery is again placed on charge at the commanded charge rate .  

cycle will  repeat as long a s  the spacecraft  i s  in the extended sunlight 

orbi t ,  provided that the cycle command is present .  

fo r  charging t o  the upper l imit  and discharging to the lower limit will 

depend on the value of voltage selected for  the lower limit. 

This 

The t ime required 

During the period when a battery i s  on float discharge,  it.s associated 

battery charge bus i s  regulated to 36 volts, a s  indicated in  Exhibit 4 ,  to 

prevent the battery f rom discharging rapidly and to minimize the s e r i e s  

regulator losses . 
c. Unit Functional Operation 

(1) Solar Array  

The solar  a r r a y  consists of 32,704 I\l-on-P solar  

cel ls ,  divided evenly between two paddles (tX and -X)  mounted on either 

s ide of the  spacecraft  body. 

p e r  paddle, two coritrolled sections and one "uncontrolled" section. 

The cel ls  a r e  arranged in  three sections 

The lowest level of e lectr ical  organization of the cel ls  i s  a mod- 

ule, which consists of 7 paral le l  str ings of 16 cel ls  each. En turn,  each 
I 

controlled section consists of seven colunins of seven modules each, 

'Again, the process  is described only for  one branch. 
operate  independently and will  be controlled by its associated cycle relay 
control logic. 

Each branch will 
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and each "uncontrolled" sect ion consists of eight columns of six mod- 

ules  each. Thus, the con.a$rolled sections provide the voltage required 

to  charge the bat ter ies  to ful l  capacity, while the "uncontrolled" sec- 

tions, which operate  at the lower load bus voltage, provide increased 

cur ren t  capability . 
The output of each paddle i s  used to  charge a separate  bat teryand 

The output cur ren ts  of the two "uncon- t o  supply power to the load bus. 

trolled" sections a r e  d i rec t ly  connected t o  their  respective bat ter ies  

and t o  the common load bus through isolating diodes. 

are  configured to supply less than the required load cur ren t  (except 

during periods when the a r r a y  is  new o r  is extremely cold) so that a 

portion of the load c u r r e n t  is  normally supplied by the controlled sec- 

tions through the s e r i e s  regulators .  However, when the combined out- 

put of the two "uncontrolled" sections is  grea te r  than the load require- 

ments ,  the output of the + X  paddle "uncontrolled" section is reduced 

by the shunt regulation act ion of the load bus l imiter  t o  maintain the 

Th.ese sections 

. load bus voltage at 32.5 volts. 

The para l le l  outputs of the two controlled sections of each paddle 

a r e  connected directly to  t h e i r  respective bat ter ies  and thereaf ter  to 

the common load bus through the s e r i e s  regulators and isolationdiodes. 

The outputs of the controlled sections a r e  regulated in order  to provide 

both the remainder  of the required load cur ren t  (the portion not supplied 

by the "uncontrolled" sect ions)  and the battery charge cur ren t  as com- 

manded by the ground. 

is a simplified diagram showing one section of a controlled so la r  a r r a y  

connected t o  the load (consisting of the load and battery cur ren t  reyuire- 

ments).  The method of controlling the so la r  a r r a y  i n  the OCO S-50 sys- 

tem i s  by shunt regulation of the lower three  modules of each section, 

as indicated in  the exh5bi-t- 
each regulated a r r a y  to opera te  on the current-l imited pa r t  of the so la r  

a r r a y  vol tage-versus-current  character is t ic ,  as shown in (b) of Exhibit 

5, and causes  the upper par t ion (four-sevenths for  a controlled section 

and one-hali: for  the "uncontrolled" section} to operate on the voltage- 

Reference is  made t o  par t  (a) of Exhibit 5, which 

This method causes  the lower portion of 

limiiied pa r t  of the V-I  charac te r i s t ic ,  , a s  shown in (c) of Exhibit 5. 
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V L  = V I  -t V Z ’  IL =I2 - ISH . 

Region of Control:  V m i n  + V max  5 V L  a t  IL mill 2 1 
( a )  Simplified Control led Sectioii/Shunt Regulator  Rclations 

( b )  Lower A r r a y  Charac te r i s t i c s  ( c u r r e n t  l imi ted)  

( c )  Upper A r r a y  Charac t e r i s t i c s  (voltage l imi ted)  

EXHIBIT 5 - METHOD O F  SOLAR ARRAY CONTROL 
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P r o p e r  regulating control of the so la r  a r r a y  output is  effected 

when V min  4- V 
voltages and the cur ren t  a r e  as indicated in  Exhibit 5. 

max 5 VL at IL min (region of control), where the 2 1 

(2)  Bat ter ies  
-_I_ 

The subsystem contains two batteries,  one for 

each branch. 

hour  capacity, si lver-cadmium cel ls  and i s  provided with a thermal  switch. 

When the temperature  of either battery exceeds 125 F, undervoltage re- 

Each battery consists of 2 4  Yardney YS 12s-SP, 12  ampere-  

0 

lays  1 and 2 are activated, thereby disconnecting nonessential spacecraft  

loads. 

During the continuous charge mode of operation, each battery sup- 

p l ies  approximately one-half of the load requirements through its isolat- 

ing diode to the load bus when no solar  power is  available. At the end 

of the eclipse (discharge) period, the two battery voltages a r e  approx- 

imately equal and their  depths of discharge a r e  approximately equal be- 

cause  of the isolating diodes. During the ensuing sunlight portion of the 

cycle, each battery is recharged by its two associated controlled solar 

a r r a y  sections. 

the ground by the charge control unit. 

5 amperes ,  and 1 0  amperes  ) can be commanded, depending on the depth 

of discharge,  length of available charge time, and whether one o r  two 

bat ter ies  a r e  available. 

limit (which is  a function of battery temperature) ,  the charge control 

unit reduces battery cur ren t  to  prevent overcharging. 

age  limits (36.4 volts, 37.4 volts, and 38.4 volts) can be commanded, 

depending on the charge mode selected, the age of the batteries,  and 

whether one o r  two bat ter ies  a r e  available. 

Charge cu r ren t  is regulated a t  the rate  commanded fron-i 

Three charge r a t e s  ( I  ampere, 
1 

When the battery voltage reaches the upper 

Three upper volt- 

(3)  Solar Ar ray  Shunt Reaulators 

The conductances o€ the power t rans is tors  sbunt- 

ing the lower three-sevenths of each controlled section and the lower 

'Since the 10-ampere command actually effects cur ren t  increments,  a 
6-ampere charge r a t e  can be obtained i f  the 10-ampere ra te  is  com- 
manded without commanding thc 5-ampere rate.  

14 



one-half of the "uncontrolled" a r r a y  section a r e  controlled by the charge 

control unit and load bus l imiter  unit, respectively. 

controlled sections is accomplished to provide the required load current  

plus a constant level of charge cur ren t  in a closed-loop fashion. 

the bat tery voltage reaches the selected upper l imit ,  the charge current  

is  further reduced to maintain the required battery voltage. 

res is tance of the "uncontrolled" regulator is  reduced by the load bus 

l imiter  when the load bus voltage exceeds 32.5 volts in order  to main- 

tain the load bus at this voltage. 

Regulation of the 

When 

The shunt 

(4) Charge Controls 

Each charge control unit comprises  the fol- 

lowing subunits: (a) cur ren t  amplitude monitor, (b) current  direction 

monitor, ( c )  battery cur ren t  regulator,  (d) battery upper voltage l imiter,  

(e) battery-bus voltage limiter, and (f) shunt regulator dr iver .  

The shunt regulator dr iver  sums the outputs of the battery current  

regulator, the battery upper voltage l imiter ,  and the battery-bus voltage 

llrniter, 

the cur ren t  dra in  of the shunt regulators.  

is-activated by the cur ren t  direction monitor when the battery i s  charg- 

ing. 

delivered f rom the cu r ren t  amplitude monitor to the battery cur ren t  

regulator. Thus, the a r r a y  cur ren t  i s  regulated to maintain the re-  

quired load cur ren t  plus the selected battery charge current  (1 ampere,  

5 amperes ,  o r  1 0  amperes) .  

reached, the battery upper voltage l imiter  provides additional regula- 

tion to  maintain the battery voltage at the upper limit. 

sensitive element mounted on each battery permi ts  the bzttery voltage 

to be limited to the following value: 

Regulation of the two controlled sect ions is  effected by changing 

The battery current  regulator 

In addition, an analdg indication of battery current  amplitude is 

When the upper battery voltage limit i s  

k ternperature- 

J 

E ~ 3 7 . 4  - 0.024 (TB - 30)  volts B 

where T is  the battery temperature  in  degrees  Fahrerihcit. In adcli- 

tion to the analog control signal used to reduce the c.ontrol.led a r r a y  
B 
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current ,  the battery upper voltage l imiter  pe r fo rms  a second function 

in  the cycle charge mode. 

l ivered to the cycle re lay  control to energize the cycle relay (when 

power is  applied by ground command). 

At the upper voltage limit, a signal i s  de- 

The battery-bus voltage l imiter  does not function in  the normal  

continuous charge mode unless a failure causes  the bus voltage to ex- 

ceed 34.1 volts. When this conditionoccurs, the bus overvoltage causes  

the battery-bus voltage l imiter ,  which functions as a voltage regulator, 

to  reduce the controlled a r r a y  voltage and limit the bat tery charge bus 

to 34.1 volts. 

The battery-bus voltage l imiter  does perform a normal  function 

When the battery reaches the upper voltage in the cycle charge mode. 

limit, the battery upper voltage l imiter causes  the cycle relay to be en- 

ergized. 

charge bus voltage f rom the battery apply this voltage to the battery- 

bus voltage l imiter .  

bus voltage l imiter  and functions as the control input so that the con- 

trolled a r r a y  i s  regulated to  maintain the charge bus a t  36 volts. When 

the cycle re lay i s  again deenergized, the charge bus voltage is  removed 

f rom the battery-bus voltage l imiter  (deactivating this subunit), and 

a r r a y  output regulation is  returned to the battery cur ren t  regulator. 

When the relay is energized, the contacts which remove the 

The charge bus voltage thus activates the battery- 

(5 )  Ser ies  Regulators 

A s e r i e s  regulator is  inser ted between each bat- 

t e r y  and the load bus during battery charge so  that the bat ter ies  can be 

charged as high a s  approximately 38.4 volts without exceeding the max- 

imum load bus voltage oi 33.5 volts. The voltage drop is  accomplished 

by varying the resis tances  of two paral le l  power t rans is tors  which a r e  

inser ted  between the bat ter ies  and the load bus to maintain load bus 

voltage at  +31.5 volts. When the output of the two "uncontrolled" a r r a y  

sections is' sufficient to increase  the load bus voltage above 32.5 volts, 

the  s e r i e s  regulator will  be fully open and no load cur ren t  will be sup- 

plied from the controlled a r r a y  sections. In this instance, the load bus 

l imiter  supplements the action of the se r i e s  regulators and reduces the 

c 

16 



output of the t X  a r r a y  "uncontrolled" section to maintain load bus 

voltage at t 3 2 . 5  volts, 

during eclipse periods, the se r i e s  regulators are shunted by the dis-  

charge control relays to prevent any power loss ac ross  the s e r i e s  

t rans is tors .  

When the battery 'discharges into the load 

(6) Discharge Control 

The discharge control unit is comprised of the 

following subunits: (a) discharge control relays,  (b) discharge control 

set ,  and (c) discharge control reset .  Input signals a r e  a lso derived 

f r o m  the load bus monitor and the two curren t  direction monitors. Each 

re lay  is  a magnetic latching type which requires  independent 'Iset" and 

" rese t"  signals to be energized or  deenergized, respectively. When 

the discharge control relays a r e  set  (energized), contacts shunt the 

power t rans is tors  of the se r i e s  regulators,  permitting the batteries to 

discharge directly into the load bus through their respective isolating 

diodes. 

cating battery discharge current  equal to  300 ma) w i l l  cause the dis-  

A positive signal f rom either cur ren t  direction monitor (indi- 

chargz c.iltrol set eo znergize L - L L  u u L L L I .  - . - l - . - - -  I c ~ a y 3 .  T l  ~ ~ i e  relays will i-eniain 4 r i  

the energized state through the discharge period and the ensuing charge 

per-iod until the solar a r r a y  provides sufficient power to increase the 

load bus voltage to 3 2 - 5  volts. 

unit of the load bus l imiter  sends a signal to the discharge cont ro l rese t  

to r e s e t  (deenergize) the relays,  thus removing the shunts f rom ac ross  

the se r i e s  regulators.  

At this time, t h e  load bus monitor sub- 

Miller integrator c i rcui ts  a r e  incorporated into both the discharge 

control s e t  and discharge control r e s e t  subunits to provide finite time 

delays in changing the state of the relays,  The delay ill the Irset" c i r -  

cuit prevents a momentary battery discharge indication from bypassing 

the se r i e s  regulators,  The actionof both delays permits  the battery to  

discharge for  short  periods during the beginning of an eclipse with the 

load bus vol.tage above 32.5 volts; thus, immediate activation of the 

discharge control re lays ,  which could cause an oscillatory condition, 

is prevented. 
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(7) Load Bus Limiter 

The load bus l imiter  unit comprises  the load 

bus monitor and the "uncontrolled" a r r a y  dr iver  subunits e When the 

load bus voltage increases  to  32.5 volts, the load bus monitor sends 

a signal to the discharge control unit to deenergize the discharge con- 

t ro l  relays,  thereby inserting the s e r i e s  regulators.  Subsequently, i f  

the two "uncontrolled" a r r a y  sections provide sufficient power to in- 

c r e a s e  the load bus voltage above 32.5 volts, even though the s e r i e s  

regulators cut off all load cur ren t  f rom the controlled sections, the 

"uncontrolled" a r r a y  dr iver  causes  the shunt regulator associated with 

the + X  a r r a y  "uncontrolled" section to draw sufficifnt cur ren t  to main- 

ta in  the load voltage at 4-32.5 volts. 

(8) Cycle Relay Controls - 

Each cycle relay control unit comprises  the fol- 

lowing subunits: (a) cycle relay, (b) lower voltage sensor ,  and (c) cycle 

relay dr iver .  

voltage l imiter ,  and the relays a r e  not activated until cycle relaypower 

i s  supplied by ground conrnand. 

re lay is  energized by the cycle relay dr iver  when the battery upper volt- 

age l imiter  senses that the battery voltage has  reached t h e  commanded 

upper voltage limit. 

sociated bat tery f rom charge and applies the charge bus voltage to the 

An inpct signal i s  also derived f rom each battery upper 

If re lay power is  present ,  the cycle 

Energization of the cycle relay removes the a s -  

lower voltage sensor  (thereby activating the subunit). 

age sensor ,  i n  turn, liolds the cycle re lay energized until the battery 

voltage decays to approximately 33.6 volts. 

i s  deenergized, and the battery is charged at  the selected rate  until the 

upper voltage limit-is again reached. 

The lower volt- 

At this t ime the cycle relay 

An additional function of the cycle re lay is to provide charge bus 

voltage to the Sattery-bus voltage l imiter  of the charge control unit 

when the battery i s  removed f rom charge,  In this case,  since no bat- 

t e ry  cur ren t  is available fo r  solar  a r r a y  regulation, the battery-bus 

voltage l imiter  i s  utilized to regulate the output of the controlled a r r a y  

sections to maintain each charge bus at  approximately 36 volts, 



A Miller integrator time delay has  a lso been incorporated in  each 

cycle re lay  dr iver .  This delay prevents immediate energization of the 

cycle re lay when the battery upper voltage l imit  is reached and ensures  

severa l  seconds of battery charge at the commanded current  ra te .  

(9) Current  Monitor Excitation 

Each cur ren t  monitor excitation unit is comprised 

of a 2461 -cps sync oscillator, a sync power dr iver ,  and a power oscillator, 

The output of the number 1 excitation unit provides excitation power for 

the battery cur ren t  amplitude and direction monitors and the three  telem- 

e t ry  cur ren t  amplitude monitors in the number 1 branch; the output of the 

number 2 excitation unit provides excitation power for the battery cur ren t  

amplitude and direction monitors and the two te lemetry cur ren t  amplitude 

monitors in the number 2 branch. Each power oscillator can function in  

a free-running mode i f  the 2461-cps sync oscillator fails;  however, the 

system's  noise level w i l l  be increased i f  the synchronization is lost. 

(10) -I Capacitor Quad 

The capacitor quad f i l ters  aEy h a d  bus transients,  

d. Fai lure  Switching 

The available switching which .can be effected by ground 

command in  order  to alleviate the effects of equipment failure i s  illus- 

t ra ted in Exhibit 4 .  In addition, failure switching i s  automatically ac-  

complished within the Power Supply Subsystem by (1) energizing under- 

voltage relays number f. and number 2 when the temperature  of either 

battery exceeds 125O F, thereby disconnecting nonessential spacecraf t  

loads, and (2) causing the battery-bus voltage l imiter  to function a s  a 

solar a r r a y  voltage l imiter  i f  the load bus vcjltage exceeds 34.1 volts, 

The failures which may be circumvented by the available switching 

features and the consequences of the revised configuration a r e  discussed 

in  the following subsections. 

(I) Charge Control Fai lure  

If a charge control unit fails  such that i t s  two 

associated controlled a r r a y  section outputs a r e  incorrectly regulated, 
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KlOl and Ki02 (or K201 and K202) can be energized by ground command. 

Exhibit 7 is a hnc t iona l  block diagram of subsystem operation with charge 

control number  1 switched out. 

W h e n  one of the charge control units is switched out, the outputs 

of the four controlled a r r a y  sections a r e  connected and supply the par-  

alleled ba t te r ies .  The four controlled a r r a y  section shunt regulators 

a r e  placed under  the control of the operational charge control unit, and 

the bat tery cha rge  cu r ren t  associated with the operational charge con- 

t r o l  unit remazns controlled to the commanded value. 

(or  K202) is  energized, diode CR104 (or  CEU04) is  inser ted in  thecharg-  

ing path of the other battery.  By this method, the batteries a r e  not di- 

rectly paral le led and the battery associated with the failed charge con- 

t r o l  unit is  supplied sufficient charge cur ren t  to cause its voltage to fol- 

low that of the operational channel less  the voltage drop of diode CR104 

(or  cR204) .  Charge cur ren t  to both bat ter ies  is  reduced when the bat- 

t e ry  of the Operational branch reaches the command upper voltage limit, 

When relay K102 

In the cycle charge mode, each cycle relay effects the charging 

of the individual bat ter ies  as controlled by i t s  associated control logic. 

If the fa i lure  i n  the charge control unit which has  been switched out is 

such that the cycle  re lay i s  continuously energized (when cycle mode 

power is applied), the associated battery will be continuously "floated"; 

i f  the re lay is energized below the commanded voltage level, the asso-  

ciated bat tery will  be removed f rom charge below the commanded volt- 

age level and will  not reach full charge. On the other hand, even i f  the 

cycle re lay function of the failed charge control unit remains operational, 

the "captive" battery will follow the voltage of the battery of the opera- 

tional branch, l e s s  the voltage drop of the diode inser ted by activation 

of the cross-s t rapping relay, K102 (or  K202). 

branch bat tery reaGhes the upper voltage limit, i t s  cycle relay will be 

energized, maintaining the common charge bus a t  approximately 36 
volts. Thus, %he captive battery will never be removed from the charge 

bus and wil l  be tr ickle-charged through diode CR104 (or CR.204) between 

36 volts and the upper voltage limit of the operational charge control 

When the operational 

unit. 
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(2) Battery Fa i lure  

If a battery fails, either by opening o r  sho:<ting, 

K103 (or K203) can be energized to remove the battery f rom the circuit .  

The charge buses can then be connected to  supply the full charging ca- 

pability of the four controlled a r r a y  sections to the surviving bat teryby 

energizing KlOl and KlO2 (or  K201 and K202), thereby putting the four 

controlled sections under the control of a single charge control unit. 

Exhibit 8 is a functional block diagram of subsystem operation with one 

battery and one charge control unit switched out. 

Although the two cur ren t  monitor paths are in  parallel ,  insertion 

of diode CR104 (or  CR204) prevents cur ren t  (which could be caused by 

charge bus imbalance) f rom flowing through the "failed" charge control 

monitor i n  either direction. Thus, a continuous discharge indication 

from one of the cur ren t  monitors,  which would cause the s e r i e s  regula- 

t o r s  to be bypassed, is  circumvented. In addition, since only one charge 

control unit is controlling the combined outputs of the four controlled 

a r r a y  sections, the battery charge cur ren t  is controlled to the com- 

manded value, ra ther  than being approximately twice the commanded 

value, as would be the case  i f  both charge control units were  permitted 

to  supply battery cur ren t  in  parallel .  

During the eclipse when the battery discharges into the load, the 

single battery must  supply the entire load cur ren t  demand. 

In the cycle charge mode, the voltage indication of each charge 

control unit is connected to the surviving battery, and each cycle relay 

will be energized at an upper voltage limit which is dependent on i t s in -  

dividual battery temperature  indication. 

(switched out) charge control unit operates  at the lower voltage, opera- 

tion will be satisfactory since the common charge bus will not be regu- 

lated to 36 volts until the operational cycle re lay is energized. However, 

If the cycle re lay of the "failed" 

i f  the cycle relay of the "failed" charge control unit is not energized or 

is  energized a t  a higher voltage than the operational cycle relay, the 

charge path through CR104 (or  G R 2 0 4 )  will not be opened when the com- 

mon charge bus is  regulated to 36 volts. 

not discharge to the lower voltage limit to energize the operational cycle 

re lay and will be continuously tr ickle-charged at  36 volts. 

In this case,  the battery will 
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( 3 )  ,Series Regulator Open 

If e i ther  s e r i e s  regulator fails open, KlOl and 

K102 {or K201 and K202) can be energized, configuring the controlled 

a r r a y  sections and the bat ter ies  as i l lustrated in  Exhibit 7 .  

In  this case,  the subsystem operation is  the same  as that for  a 

charge regulator failure except that the entire controlled a r r a y  load 

cur ren t  mus t  be ca r r i ed  by the operational s e r i e s  regulator. 

(4) Ser ies  Regulator Shorted 

(a) One Series  Regulator Shorted 

If either s e r i e s  regulator fails  shorted o r  

i f  one of the dischaTge control relays remains energized, the load bus 

will be at  the battery voltage of the shorted s e r i e s  regulator. The charge 

control units will automatically reduce both controlled a r r a y  outputs (and 

battery voltages) to  approximately 34.1 volts to prevent load bus over- 

voltage. 

f rom the charge control unit associated with the operational s e r i e s  reg- 

ulator by energizing command distribution unit re lay 12K15 ( o r  13K7) 

by ground command. 

s e r i e s  regulator is  then charged to its normal  voltage, while t h e  other 

battery charge voltage remains limited to  34.1. volts, providing approx- 

imately 2 5  percent of battery capacity. 

In this case ,  the bus overvoltage feedback can be removed 

The bat tery of the branch with the operational 

In the cycle charge mode, cycle re lay operation in  the branch with 

the operational s e r i e s  regulator will be normal  when the bus overvoltage 

feedback i s  removed. However, the battery associated with the shorted 

s e r i e s  regulator will be continuously tr ickle-charged at 34.1 volts, since 

the battery voltage will  not reach the upper limit to  energize the cycle 

relay.  e 

(bf Both Series  Regulators Shorted 

If both se r i e s  regulators a r e  shorted o r  i f  

the discharge control re lays  remain energized, the charge control units 

will  automatically reduce both controlled a r r a y  outputs (and battery volt- 

ages)  to  approximately 34.1 volts to prevent load bus’overvoltage. The 
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charge voltage of both bat ter ies  will be limited to 34.1 volts, providing 

approximately 2 5 percent of battery capacity. 

In the cycle charge mode, both bat ter ies  will  be tr ickle-charged 

at 34.1 volts, since neither battery voltage will reach the level required 

to  energize the cycle relays.  

(5) Multiple-Unit Fa i lures  

Examination of Exhibit 6 indicates that the avail- 

able failure switching is effective in  circumventing any combination of 

single charge control, battery, and open se r i e s  regulator fa i lures  i n  

e i ther  channel. Fo r  example, if charge regulator number 1 fails, bat- 

t e r y  number 2 fa i l s , .  and either s e r i e s  regulator fails open, then K101 , 
K102, and K1 03 can be energized to configure the controlled a r r a y  sec- 

tions and battery as i l lustrated in  Exhibit 8. In this case the subsystem 

operation i s  the same  as that for a battery failure except that, with one 

s e r i e s  regulator open, the ent i re  load cur ren t  f rom the controlled arrays 
m u s t  be car r ied  by the operational s e r i e s  regulator. 

(6  ) ' I  Uncontrolled" Solar Ar ray  Output Switching 

If the load bus l imiter  fails such that i t s  asso- 

ciated "uncontrolled" array' section i s  either uncontrolled o r  fully shunted, 

the load bus l imiter  regulation can be removed by energizing K302. 

3. Recommended Changes --- -. 

The review of the OCO S-50 power control unit indicates three 

general  a r e a s  i n  which improved functional reliability can be effected: 

(1) the failure-switching provisions, ( 2 )  the logic controlling the discharge 

control relays,  and ( 3 )  various circuit  refinements I 

l ems  associated with each of these a r e a s  and the recommended changes 

i n  the proposed design a r e  discussed below. 

The potential prob- 

a. Failur e-Switching Deficiencies --- 

The available switching provisions which may be util- 

ized to circumvent unit fa i lures  are discussed in detail  in subsection 2, d. 

A high degree of redundancy has  been incorporated into the proposed design 
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by providing means f o r  cross-strapping the batteries and the charge co  

t r o l  functions between the individual branches. It 

preceding discus sioa, however, that the available 

visions do not acco  

regulators,  nor do 

mode. These deficiencies and re 

switching a r e  discus sed below. 

ing all of the recommended switching provisions i s  included as Exhibit 9. 
A functional block diagram incorporat- 

fl) Ser ies  Regulator Cross-Strapping 

If one of the s e r i e s  regulators shorts,  there  is 

presently no method of removing the failed unit f rom the system. The 

battery-bus voltage l imi te rs  will automatically regulate the charge bus 

voltage of each channel to 34.1 volts, thereby charging each battery to 

approkimately 25  percent  of capacity. As previously discussed, the bus 

overvoltage feedback can be removed f rom the charge control unit of the 

branch containing the operational s e r i e s  regulator. This method per-  

mits no rma l  charging of one battery; however, the battery associated 

with the shorted series regulator is  iimited to  a charge voitage of 34.i 

volts and i s  charged to only 25 percent of capacity. 

In addition, since a se r i e s  regulator cannot be removed f rom the 

circuit  by this scheme,  no failure switching can be performed if  either 

of the s e r i e s  regulators  is shorted. 

t e ry  o r  charge  control  unit failure would automatically connect the charge 

buses. 

i f  one h a s  failed) would be limited to 34.1 volts, and each would be 

charged Eo 25 percent of capacity. 

Any switching to circumvent a bat- 

Thus, the charge  voltage of both bat ter ies  (or  a single battery 

In o r d e r  to alleviate these deficiencies, i t  is recommended that 

individual switching re lays  be incorporated for each se r i e s  regulator 

which, on ground c and, will remove the failed unit f rom the c i r -  

cuit and connect th  rge  buses. 

re lays  (designated KP and K 2 )  a r e  i l lustrated in  Exhibit 9. 
The proposed connections for  these 

With the 

isions, one of t h e  charge control units 

rgizing KlOl and K102 (or  M201 and 
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K202)  to prevent directly paralleling the bat ter ies  except through diode 

CRl04 (or CR204); however, addition of these relays would provide the 

following advantages: 

a. In the event of a shorted s e r i e s  regulator, the opera- 

tional s e r i e s  regulator could be commanded to c a r r y  the ent i re  loadfrom 

the connected battery charge buses.  

to full capacity, ra ther  than one battery being limited to a charge voltage 

of 34.1 volts. 

Thus, each battery could be charged 

b. Since a shorted s e r i e s  regulator can be disconnected 

f rom the system, additional failure switching can be performed to  c ross -  

s t r ap  the bat ter ies  and/or  charge control units without limiting the com- 

mon charge bas voltage to 34.1 volts and the charge of the bat ter ies  (or  

battery) t o  2 5  percent  of capacity. 

C. The contacts of command distribution unit relays 12 K15 

and 13K7, which presently remove the load bus overvoltage feedback and 

allow one bat tery to be charged to  full capacity, can be eliminated. Thus, 

the battery-bus voltage l imi te rs  would limit charge bus voltage to 34.1 

vclts o d y  wher, both s e r i e s  r e g d a t e r s  a r e  ehcrted o r  when t he  discharge 

control re lays  remain  energized. 

d. Commands 11 and 13, which presently energize the 

load bus overvoltage feedback relays,  can be utilized to control the 

s e r i e s  regulator switching relays.  

(2) Cycle Charge Mode Cross-Strapping 

When the cycle charge mode is  commanded and 

the charge buses  a r e  connected by the present  failure- switching provi- 

sion, each cycle relay remains controlled by its associated voltage sens- 

ing circuitry.  As previously discussed in subsection 2 a d, the battery 

associated with the "failed" charge control unit will be either (1) con- 

tinuously "floated" and removed f rom charge f G r  the duration of the cycle 

charge mode o r  (2) continuously tr ickle-charged between the charge bus 

voltage of 36 volts and the upper voltage limit of the other battery. The 

effect of the cross-s t rapping in the cycle charge mode can be even more 

severe  when charge bus cross-s t rapping i s  commanded because one 



battery has  failed. Ln this case,  cycle mode operation will be normal  

f o r  the surviving battery i f  the cycle re lay  of the "failed" charge con- 

t r o l  unit is energized at a lower voltage than the cycle relay of the con- 

troll ing branch; however, if the cycle re lay of the "failed" charge con- 

t r o l  unit is not energized before  the cycle re lay of the operational charge 

control unit is energized. (regulating the common charge bus to 36 vol t s ) ,  

the surviving bat tery will  be continuously tr ickle-charged at 36 volts f o r  

the duration of &he cycle charge mode through the deenergized cycle relay 

contacts. 

In o r d e r  to alleviate the above deficiencies, i t  is recommended 

that the bat tery charge paths be routed through the charge control 

failure-switching relays (K102 and K202)  in  the cycle charge mode as 

well  as in  the continupus charge mode. The proposed connections f o r  

these re lays  and the voltage-dropping diodes, CRi04  and CR204, are 

i l lustrated in Exhibit 9. 

Since all available contacts of the fai lure-  switching relays K102 

and K202 are utilized by the recommended scheme, one additional relay 

(designated as K in Exhibits 10A and B) must be added to  connect the 

charge buses. 

switching re lays  a r e  incorporated, the charge buses can be connected by 

energizing e i ther  of these relays,  and the addition of relay 

required. 

switched out, and the other would pass  the combined cur ren t  f rom the 

common charge  bus whenever the charge buses whenever the charge 

buses were  connected. 

GS 
However, i f  the previously recommended ser ies  regula tor  

i s  not KCS 
If this were  done, one 01 the se r i e s  regulators would be 

In the coi-rtinuous charge mode, with the recommended failure 

switching, fa i lure-  switching relay K l 0 2  (or  K 2 02) i n se r t s  diode C-9104 

(or cR204)  into the battery charge path of t h e  "failed" charge control 

unit effectively i n  the same  way as in the present  method. 

ation is unchanged in this mode. 

In the cycle  cha.rge mode, however, one of the cycle re lays  is 

disconnected, and charging of both bat ter ies  (o r  a single battery) is  

controlled by the cycle relay logic of the operational charge control 

unit. Thus, conditions whereby a battery i s  continuously "floatedff o r  

tr ickle-charged because of a failure o r  imbalance a€ t h e  cycle control 

Thus, oper- 
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re lay voltage sensing logic do not affect battery charging. 

dropping diode CR104 (or CR204) i s  a lso inser ted in  the charge path of 

the "failed" channel to prevent overcha'rging the captive battery. 

Voltage- 

( 3 )  Utilization of Failure-Switching Relays 

In addition to cross-s t rapping the outputs of the 

shunt regulator d r ive r s  between the contrqlled so la r  a r r a y  sections of 

the two branches,  two se ts  of contacts of each failure-switching relay 

KlOl (or  K201) energize a second relay K1OZ (or  K202) .  The second 

failure- switching relay is  presently used to connect the charge buses 

and to in se r t  voltage-dropping diode CR104 (or CR204) into the battery 

charge path of the failed charge control unit. This method requires  two 

relays (one 4PDT and one ZPQT) in  o rde r  to provide redundant contacts 

fo r  each function. It is  recommended that KlGl and K201 each be replaced 

with a 4PDT relay type with contact ratings sufficient to c a r r y  the cur -  

rent  present ly  ca r r i ed  by K102 and E; 202 in  e i ther  the present  o r  pro- 

posed fai lure-  switching mechanization. Thus, two se t s  of contacts of 

KlOl ( o r  K201)  could be used in place of K i 0 2  (or K.202),  a,s i l lustrated 

in  Exhibit 9, eliminating the requirement for  two relays.  

(4) Discharge Control Relays Override 
1 - 1  

Both discharge control relays a r e  simultaneously 

controlled by a single 1ogi.c function consisting of the load bus monitor, 

the discharge control rese t ,  the cur ren t  direction monitors,  a i d  the 

discharge control set  subunits, If a ia i lure  occurs  in  any of these func- 

tions such that the discharge control relays a r e  not rese t  o r  remainen-  

ergized, both se r i e s  regulators will be bypassed and the bat ter ies  (or  

battery) will  be charged to only 25 percent of capacity. 

probability of the occurrence of this type of failure has  not been com- 

puted at th i s  time; however, because of the number of elements control- 

ling the relays and the consequences of this type of failure,  it is  recom- 

The numerical  

mended that one of the following alternatives be incorporated: 

(a) The capability of resett ing the discharge control relays 

by ground comm2nd. 
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(b) The capability of interrupting the discharge control 

re lays  bypass paths by ground command. 

Increased redundancy within the logic for  controlling 

the discharge co&trol relays,  

Redundant use of the battery-bus voltage l imiter func- 

tions t o  control the discharge control re lays  on a volt- 

age basis  ra ther  than on a current  basis. 

(c) 

(d) 

Methods of incorporating alternatives (a) and (b) are il lustrated 

in  Exhibits 10-4 and 1 OE, respectively. 

would also require  one additional ground command. E the m-aximum 

nwnber of c~mrna~id ls  fo r  the power control unit is f i rmly fixed at 13,  

as stated in  Reference 3, it is recommended that commands 5 and 6 be 

combined so that both bat ter ies  would simultaneously be commanded to 

the 5-ampere charge ra te ,  (It is anticipated that both batteries w i l l  be 

commanded to the 5-ampere  charge ra te  at the same time in  any event, 1 

The addition of this capability 

Specific recommendations concerning alternatives (c) and (d) a r e  

beyond the scope of this TAM; however, the deficiencies of the present 

method of sensing cur ren t  direction to  activate the discharge conirvi 

re lays  a r e  discussed. in subsection 3 .  b, It should a l so  be noted concern- 

ing alternative (d) that, i f  the recornmended cross-strapping of the se r i e s  

regulators is incorporated, the requirements for two individual bus 

overvoltage l imiter  functions wil l  be deleted, since the battery charge 

bus must  be limited to 3 4 , f  volts only when both se r i e s  regulators a r e  

bypassed OT shorted. 

(5) Failure- Logic 

The failure switching that would be effected for 

any combination of single battery, single charge control unit, o r  single 

s e r i e s  regulator fa i lures  with the recommended mechanization is sum- 
marized i n  Exhibit 1 1  ., It is evident that the charge buses must  be con- 

nected for any type of failure,  and the independent cross-strapping relay 

(K ) may be omitted if  the se r i e s  regulator ~ ~ ~ ~ u r ~ ~ ~ v ~ ~ t ~ h ~ ~ ~  relays a r e  

utilized to perform this function, as discu.ssed in  sgbtxections 3 , 4 1 1  and(2). 

". 

6-23 

Based an the table in Exhibit I1i;the logic for energizing Lkte vari- 

ous fa i lure-  ssvitcliing relays can be ~~.wbfigured as i l lustrated in Exbibit 3.2, 
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KlO3 

- 
(a) With Gross-St rapping  Relay Added and Both K102 and K2 

KlOl  
Command 

K2O 1 
Command" 

K103 
Command 

Eu03 
C omrnandP 

- 
KlO3 

- 
(a) With Gross-St rapping  Relay Added and Both K102 and K2 

KlOl  
Command 

K2O 1 
Command" 

K103 
Command 

Eu03 
C omrnandP 

02  Retained 

(b)  With Cross-Strapping Relay Added and Both K1OZ and KZ02 Deleted 

EXI-IIBIT 12 - RECOMMENDED FAXL~lIE-~WITCW1NG RELA.Y LOGIC 
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depending on whether o r  not individual re lays  a r e  retained to perform 

the functions of K102 and K202 (as discussed in  subsection 3.44)). If 

the cross-s t rapping relay were  not incorporated and the se r i e s  regu- 

la tor  switching relays were  utilized to connect the charge buses, the 

logic would also b e a s  shown in Exhibit 12, except that the four connec- 

tions to relay K would be omitted. CS 

b. Discharge Control Relays Logic 

The discharge control relays used to bypass the se r i e s  

regulators  a r e  present ly  controlled by diverse  indications; namely, they 

a r e  se t  ( s e r i e s  regulators bypassed) by a 300-ma discharge cur ren t  f rom 

either bat tery and a r e  r e se t  ( s e r i e s  regulators inser ted)  by a load bus 

voltage above 32.5 volts. 

i 

This method has  the following deficiencies: 

1. Reference 4 indicates that the bat ter ies  can initially dis- 

charge at a voltage sufficient to cause load bus overvoltage. 

ration of this overvoltage condition is  sufficient for  the delayed load bus 

monitor to  detect the overvoltage and attempt to r e s e t  the discharge con- 

t r o l  re lays ,  simultaneous set  and r e se t  commands will be generated, 

causing an indeterminate relay condition. 

commands m a y  also be generated because of imbalance between the two 

channels i f ,  under heavy load cur ren t  demand, one of the bat ter ies  in- 

dicates a discharge condition while the solar  a r r a y  is s t i l l  in sunlight. 

If thedu- 

Simultaneous se t  and rese t  

2. Voltage t ransients  occur because the s e r i e s  regulators a r e  

saturated at 31.5 voIts but a r e  not inser ted into the circui t  until the load 

bus voltage is above 32.5 volts. 

As  suggested in  Reference 4, i t  is recommended thal the discharge 

control re lays  logic be controlled only by load bus voltage for  both charge 

and discharge,  and that the s e r i e s  regulators be inser ted a t  a voltage 

below the i r  saturated level. Also, as pointed out i n  subsection 3. a (5) ,  

because of the low battery capacity available when 2 failure causes  the 

discharge control re lays  to remain energized, redundancy should be in- 

corporated into the control logic to increase  i t s  reliability. 

* 

c. Circui t  Design Reliability 

During the review of the power control unit, each c i r -  

cuit was examined to determine if  the design was based on sound reliability 
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practice.  Cases  i n  which increased reliability could be effected by cir- 

cuit changes without degrading functional operation a r e  discus sed below. 

(1) Para l l e l  Trans is tors  

Two 2 N  21  2 4  power t rans is tors  a r e  connected 

in  paral le l  in each se r i e s  regulator unit to provide the voltage drop be- 

tween the battery charge bus and the load bus. A check of the specifi- 

cation for  this type of t rans is tor  shows that it is rated a t  250  watts and 

3 0  amperes .  

requirement would not approach the maximum rating of the t ransis tor ,  

and a single t rans is tor  would be sufficient. 

whether a single t ransis tor  o r  paral le l  t rans is tors  should be used can 

only be answered by -deterrriining the consequences of a given failure 

(short  o r  open) and the means of circumventing the failure by the avail- 

able c ross -  strapping provisions. 

Even i f  one se r i e s  regulator were failed, the load current  

Therefore, the question o f .  

Obviously, €or the se r i e s  regulator unit, the probability of short  

i s  higher and the probability of open is lower for the parallel  t rans is tors  

than for  a single t rans is tor .  With thc present  switching provisions, a 

shorted se r i e s  regulator preserits the greatest  subsystem degradation, 

since one battery could only be charged to 2 5  percent o€ capacity and 

no failure switching can be periormed; however, an open se r i e s  regu- 

lator can be circumvented by connecting the charge buses via KlOl and 

K102 (or  K201 and K Z 0 2 ) .  

is incorporated to remove a shorted se r i e s  regulator, it i s  recommended 

that a single 2N2124 t rans is tor  be used to minimize the probability of 

a shorted se r i e s  regulator. 

Therefore, i f  no addjtional failure switching 

On the other hand, i f  the recommended provisions to remove com- 

pletely and c ross -  s t rap  the se r i e s  regulators a r e  incorporated, the 

choice of a single or" paral le l  t ransis tor  i s  dependent on the relative 
' 

short  and open failure ra tes ,  since either type of failure will have the 

same  effect on subsystem operation (i  e e . ,  the failed se r i e s  regulator 

will be switched out). 

Letting Ps be 

ability of t ransis tor  

the probability of t ransis tor  short  and P 

open, the probability of successful operation for a 

the prob- 
0 

3% 



single t r ans i s to r  is  1 - P - P while the probability of successful oper- 

ation for the paral le led t rans is tors  is (1 - Ps - Po) f Z P o  (1 - Ps - Po) . 2 s o  

Equating the two expressions and solving indicates that a single 

t rans is tor  would give the highest probability of s e r i e s  regulator oper- 

ation (neither shorted o r  open) i f  P > P . 
S 0 

(2)  Ser ies  Diodes 

Two s e r i e s  diodes, ra ther  than a single diode, 

a r e  used in  several circui t  applications. Discussion with STL person- 

ne l  indicates that  this pract ice  was followed because the ratio of diode 

shor t s  to opens was  considered to be approximately three  to one. In 

c i rcui t  applications where an open failure would cause m o r e  ser ious 

subsystem degradation than a short ,  however, it is contended that a 

single diode should be used. In particular,  the functions of diodes CR8 

and CR9 in the discharge control relay r e se t  circuit  and diodes CR15 

and CR16 in  the cycle relay dr iver  c i rcui ts  a r e  to  provide the delay of 

their  associated Mil ler  integrator c i rcui ts .  In  these instances, i f  a 

coupling diode circui t  (single o r  dual) were  to short ,  the t ime delay 

would be lost  and the circui t  operation would be m o r e  susceptible to 

t ransients ;  however, i f  the coupling diode circui t  were  to open in either 

circuit ,  the discharge control relays woilld be continuously " rese t"  o r  

the associated cycle re lay would be continuously energized. Since, in  

either case,  the consequences of the open circui t  fa i lures  would result  

i n  a m o r e  severely degraded consequence than if  the t ime delay were  

lost, it is recommended that a single diode (or  a paral le l  pa i r )  be used 

in  these applications. 

( 3 )  Current-  Limiting Resis tors  

Paral le l ,  2 00 - ohm, cur ren t  - limiting r e  s is to r s .- 
a r e  used in  the relay dr iver  stages of the discharge control re lay set  

(Rk9 and R20) and the discharge control relay r e se t  (R17 and R l8 )  cir- 

cuits to reduce the power dissipation of the output t ransis tor ;  however, 

only one lOO-ohm, current-l imiting r e s i s to r  (R65) is used in  the output 

stage of each cycle re lay dr iver .  Obviously, for  the paral le l  r e s i s to r s  
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the probability of shorting is higher and the'probability of opening is 

lower than for a single res i s tor .  Discussion with STL personnel in- 

dicates that, i f  the c u r r  ent-limiting function were eliminated because 

one of the two paral le l  r e s i s to r s  shorted, the power dissipation of the 

output t r ans i s to r s  would still be well below their  ra ted  values and the 

circui t  would continue to  function satisfactorily. On the other hand, i f  

the collector c i rcui t  were  opened, such as would be the case  i f  R65 
opened, the associated cycle re lay  could not be energized to remove 

the battery from charge in the extended sunlight period. Since the con- 

sequence of an opened r e s i s to r  (i. e .  * open t ransis tor  collector connec-. 

tion) is m o r e  severe  than that of a shorted r e s i s to r  i n  these cases ,  it 

is recommended that' R65 be replaced by two paral le l  200-ohm res i s to r s .  

(4) Extraneous Components 

(a )  Discharge Control Relays Reset 

The relay dr iver  stage of the discharge 

control relay r e se t  c i rcui t  utilizes two se r i e s  t rans is tors  ( a14  and Ql  5 ) .  

Although this method prevents a single shorted t rans is tor  f rom causing 

a continuous r e se t  signal, i t  requires the addition of three components 

to the circui t  (R.21, C R l l ,  *and 814)  and increases  the probability of 

not resett ing the relays.  

The question of whether the single t rans is tor  ( Q 1 5 )  o r  the two 

t rans is tors  (Q14 and Ql5 f ,  plus the additional diode and res i s tor ,  should 

be used depends on the consequences of the two types of failure and their  

probabilities of occurrence.  

relays a r e  not rese t ,  both s e r i e s  regulators will be continuously by- 

passed and both batteries (or  a single battery) can be charged to  only 

2 5  percent of capacity. If the circuit  i s  shorted, a continuous rese t  

signal will be generated, causing the position of the relays to  be inde- 

terminate;  thus the s e r i e s  regulators may not be bypassed during bat- 

t e ry  discharge,  increasing the powcs drained f rom the batteries.  AI.- 

though it is recognized that the increased power dissipated ac ross  the 

If the circuit  in  question i s  open and the 

1 

- 
This condition can be circumvented i f  a ground-commanded discharge 1 

control relay overr ide i s  incorporated, a s  recommended in subsection 
3. a(4). 
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s e r i e s  regulators  i f  they were  not bypassed during battery discharge 

would jeopardize mission success ,  it is PRC's  contention that the con- 

tinuously bypassed s e r i e s  regulator represents  the m o r e  severely de- 

graded consequence. Therefore,  it i s  recommended that components 

R21, CR11, and Q14 be removed f rom the discharge control re lay rese t  

d r iver  and that the output stage be configured identically to those of the 

cycle re lay d r ive r s .  

l 

(b) 10-Ampere Charge Rate Commands 

Components R18 and Q6 in  each battery cur-  

rent regulator are used to accept the 10-ampere ra te  command and to 

inser t  shunting r e s i s to r  R17 to ground. 

both the probability of inadvertently increasing the commanded cur ren t  

amplitude by a 5-ampere increment ( i f  Q6 shorts)  and the probability of 

not being able to command the additional 5-ampere increment when de- 

s i red  ( i f  Q6 o r  R18 opens). 

the spacecraft  cabling froin the CDU t o  the power control unit would 

hzvc to  be revised to prGvidc two lcsds fz r  sa t i s~ac tcry  i s o h t i a n  zf t he  

two branches. 

be sent to the power control unit when the 10-ampere rate  is  desiredand 

that R17 of each branch be directly connected to this ground through iso- 

lating diodes . 

These two components increase 

Correspondence f rom STL indicates that 

Therefare ,  i t  i s  recommended that a single ground signal 

4. SUMMARY 

BASED ON THE "SYSTEM-LEVEL" ANALYSIS O F  THE OGO 

S-50 POWER SUPPLY SUBSYSTEM, THE CHANGES AND/OR INVESTI- 

GATIONS LISTED BELOW ARE RECOMMENDED, 

a. REVISION O F  THE FAILURE-SWITCHING PROVI- 

SIONS, AS ILLUSTRATED IN EXHIBIT 9 ,  TO PROVIDE: 

( I )  SERIES REGULATOR CROSS-STRAPPING AND 

ELIMINATION O F  THE LOAD BUS OVERVOLT- 

AGE RELAYS, 

'As discussed i n  subsection 3 ,  b, it'is a l so  recommended that the logic 
for controlling the discharge control re lays  be investigated and made 
mare -i.edundant. 
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b. 

C .  

d, 

(2) CHARGE CONTROL OF BOTH BATTERIES BY 

ONE CYCLE RELAY IN THE CYCLE CHARGE 
MODE WHEN THE CHARGE BUSES ARE 

CROSS -STRAPPED, 

UTILIZATION O F  THE CHARGE CONTROL (3) 

FRXLURE -SWIT CHING RELAYS TO PERFORM 
THE FUNCTIONS OF K102 AND K202. 

INCORF'ORATIOlV OF A GROUND-COMMANDED 

OVERRIDE OF TIIE DISCHARGE CONTROL RELAYS, 

AS ILLUSTRATED IN EXHIBITS IOA AND 10B, OR 
INCRE-&SED REDUNDP,NCY IN THE CONTROLLING 

LOGIC (I 

REVISION O F  THE DISCHARGE CONTROL RELAYS 

LOGIC TQ OPERATE ON LOAD BUS VOLTAGE 

SENSE: FOK BOTH CI-IARGE AND DISCHARGE 

CONDIT1ONS. 

INCQR PORATION 07;' ?I-IE FOLLOWPNC CIRCUIT 

REVIS XGNS : 

ELIMTNATI(SN O F  ONE O F  THE PAPLRLLEL 

O U T P U T  POWER TRANSISTORS IN EACH 

SERIES REGULATOR. . 

ELIMINATION O F  ONE O F  THE SERIES DI- 

ODES IN THE DLSCHARGE CONTROL RELAY 

RESET CIRCUIT AND IN THE CYCLE RELAY 

DRIVER CIRCUITS, 

USE O F  TWO PARALLEL, 200-OMM, CURRENT- 

LfR/IITING RESISTORS IN THE OUTPUT STAGE 

OF EACH CYCLE RELAX DRIVER, 
ELIIvlINATIUNQF R21, CR11, AND Q14 IN 
THE OUTPUT STAGE OF THE DiSCHARGE 

CONTROL RELAY RESET CIRCUIT. 

UTILIZATION O F  TI-IF! 10-AMPERE CHARGE 

CURRENT COiViMANII) TO GROUlVD R17 DI- 
RECTLY ' ~ W R Q U G H  ISOLATING DIODES IN 

THE BATTERY CURRELYT RXGU LATOR 
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TECHNICAL ADVISEMENT MEMORANDUM NO. 34-28 

To: Assistant OGO Projec t  Manager, GSFC, NASA 

From:  

Subject: 

PRC OGO Reliability As se  s sment Te a m  

Use of Integrated Circuits for Increased System Reliability 

1 Introduction 

PRC has  for some time been keeping t rack of developments 

in the field of integrated circuits.  

mari ly  to the a r e a  of reliability, taking into account such necessary ad-. 

ditional factors a s  power dissipation, availability, and- -contingent on 

the latter--cost. 

in  a very low probability of success ( a s  determined in PRC's  fourthOGO 

reliability assessment) ,  PRC presently feels that the use of integrated 

circui ts  should be given detailed consideration. 

viously made recommendations concerning the use of Minuteman-type 

discrete  component par t s  in addition to  parameter -drift screening, a t  

this t ime it is felt that integrated circui ts  could provide significant gains 

in  reliability a t  not too unreasonable a cost. The remainder of this TAM 

provides, for further consideration by GSFC, the more important facts 

that led PRC to  the preceding conclusion. 

This attention has  been devoted pr i -  

Because of the unusual complexity of OGO, resulting 

Whereas PRC has  pre-  

2. Terminology 

As the first point, it is important t o  clarify terminology, 

The terminology of microelectronics i s  in a general  state of confusion. 

F o r  the purpose of this TAM, however, it i s  only necessary to  make 

c lear  the relationships among some of the often-used t e rms .  That is ,  

microelectronics can be considered a s  encompassing rnicrominiaturi- 

zation acco-mplished with discrete  microminiature componeilt par ts  or  

with integrated circuits.  W-ith discrete component par t s ,  either a uni- 

form geometry ( e . g . ,  pellets) or a rzndom geometry (e .g,  cordwood) 

is used, A Large amount, i f  not all, of  OGO presently i-nakes use of the 

la t ter  e 
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3. Technological Development Trends 

ith integrated circuits,  either semiconductor c i rcui ts  o r  

There are thus two major  a reas  of techno- thin-film c i r cu i t s  a r e  used. 

logical deve erpment in the a r e a  of integrated circuits,  Thin films repre-  

sent a two-dknensional approach to the physical realization of electronic 

elements in e form of thin iilms deposited in a patterned relationship 

on a s t ruc tura l  supporting material. A significant advantage of thin film 

i s  that l a rge  groups of high-quality, close-tolerance, passive components 

and connectkans can be produced in one batch with a very small  number 

of operations and materials.  However, although thin-film active com- 

ponents have been developed using such techniques, this has  not been 

until recently (and at great  expense). Prac t ica l  thin-film active com- 

ponents a r e  still considered to be in the laboratory stage. Because of 

this, many thin-film circui ts  use individually attached active semicon- 

ductor devices. This  total circuit, a s  well a s  other combined types, i s  

then r e f e r r e d  t o  a s  a hybrid (integrated) circuit. 

The seamiconductor integrated circuit technology i s  a th ree-  

dimensional approach to  the physical realization of electronic elements 

and junction properties of semiconductor technology to 

produce transistor -diode functions and wide-tolerance passive compo- 

nent functions inseparably associated on o r  within a continuous body of 

semiconductor mater id t l ,  

however,, although passive functions a r e  limited, they a r e  still more  

than satisfactory,  particularly in digital circuits.  

Transis tor  and diode functions a r e  s t ressed;  

Thus, &e most  pronounced trend presently encountered in elec- 

tronic development is the integral fabrication of many components to- 

gether with &eir necessary interqonnections for specific circuit  con- 

figurations. h i t i a l ly ,  the pr ime interest  in microelectronics stemmed 

f rom the fantastic volume and weight reductions. This was t rue of the 

discrete cpm-panent par t  approach, with reliability and cost  remaining 

about the s a m e  a s  with any other discrete  par t  approach. 

and weight reductions a x e  significant, these benefits a r e  rapidly being 

overshadowed by the fact that integrated circuit  techniques should ulti- 

mately lead to  higher reliability and lower cost. 

While volume 

Reliability is increased 



and cost  is saved by the use of systematic production techniques, elimi- 

nation of assembly operations, and a marked reduction of interconnec- 

tions (discrete  joints ) . 
The important subject of reliability will be discussed in detail la ter  

in  this TAM.. At this t ime it should suffice to say that the reliability ad- 

vantage of integrated circui ts  i s  largely unproven. Confidence has  been 

expressed in their  potential reliability, however, by their  application ir, 

Advanced Minuteman, Polar is ,  Saturn, and Apollo. Their use in Minute - 
man is "based on expectations that they will be 10 to 100 t imes  more 

reliable than the circui ts  used in the current  Minuteman. 

There a r e  several  reasons for the fact that the reliability is  largely un- 

proven. Some of the most important reasons a r e  interrelated,  These 

include the fact  that not enough hours of use have been accumzlated to  

determine reliability and that the cost  and impracticability of accelerated 

life-testing of statistically large numbers of c i rcui ts  i s  unreasonable. 

However, data - is being made available by at least  the major integrated 

circuit  vendors on their  in-house testing. From this the use r  i s  able to  

draw his own ccnchsions.  It is frcm such data, a?o:i- 6 with d&a from 

other souiceso  that PRC has made a preliminary investigation, the results 

of which willbe descr ibedlater  in  this TAM. F i r s t ,  however, these a re  

other factors that must  be considered in relation to  OGO alone. 

(See Exhibit 1 1 

4. Application to  OGO 

When undertaking the development of an electronic system 

f rom the conceptual level, there  a r e  several  alternative approaches f o r  

using integrated circuits.  These approaches can be categorized a s  mak- 

ing use of (1 ) standard circuits,  ( 2 )  custom circuits,  o r  (3)  something in 

between. The Signetics Corporation r e fe r s  to the latter a s  customized 

circuits,  and since-this seems to be an appropriate t e r m  it will be used 

hereaf ter  in  this  TAM. The standard circui ts  represent  off-the- shelf in-  

tegrated. circuits produced to a set  of specifications developedby the vendor. 

'Donald Christiansen, "EEE-Specifying Guide, Microelectronics I63," 
' , November 1963, pp. 38-51. 
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EXHIBIT 1 - RELIABILITY GROWTH CURVE] 

10.0 

1 .o 

0.1 

0.03 

0.001 

0,0001 

‘Ibid. - (Fig.  l ) ,  p. 42, citing G. H. Smith, Future  of On-Board Coin- 
pu te r s  for Space Vehicles, Autonetics Technical Paper, June 1963, 
“Reliability growth curve compares  integrated circui ts  of the f o r m  
selected for Improved Minuteman against identical circuits using 
Minuternan high- reliability components. Data were obtained from?, 
accelerated life tes t  measurements  . . 
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Custom c i rcu i t s  a r e  produced to the buyer‘s unique specifications, while 

customized circxx5ts a r e  designed to a buyer’s specification which, in 

turn, must  be based on a configuration of integrated circuit  components 

already being. used by the vendor for either of the other categories of 

circuits e 

As is frequently the case  i n  electronics, digital circuits and l inear 

c i rcui ts  requi re  separate  considerations. The most  progress  has  been 

made in integrated digital c i rcui ts ,  and, because of the large amount of 

complexdigital c i rcu i t ry  aboardOGO, attention has  been directed toward 

this area. Even at this point, choices remain as to the particular logic 

t o  use--direct-coupled t rans is tor  logic (DCTL), res i s tor - t rans is tor  

logic (RTL), res is tor-capaci tor- t ransis tor  logic (RCTL), t rans is tor -  

coupled t r ans i s to r  logic (TTL’or T L)$ diode-transistor logic (DTL), 

emitter-couplederansistor logic (ECTL), etc, --for the, digital integrated 

circuits.  Exhibit 2, taken from an ar t ic le  by A l e x  E. Skoures,’ is atable  

listing typical worst-case operating conditions fo r  some of the logic type s I  
(It should be noted that this table was taken directly f rom the previously 

referenced article and tliat the eriiries for the TTL logic were iliisprintcd 

in the original ar t ic le .  It would seem reasonable to assume thatthe meas -  

urements  were  taken at a t empera tu re  of 55 C, not -55O C.)  The resul ts  

of this systematic  study by Skoures at the U. S. Naval A i r  Development 

Center, JohnsvSfc, Pennsylvania, generally indicate that none of the 

logic types is inherently superior,  altliough each has  i t s  advantages and 

i t s  disadvantages, Howevero several  factors require consideration in 

choosing a logic  type for  a particular application. 

f rom the a r t ic le  by Skoures, a r e  summarized in Exhibit 3. 

noted that these  factors  a r e  not necessarily to  be considered in the same 

manner f o r  the prel iminary de sign of a system and for an already designed 

system such as OGO. 

coupled flip-flops and therefore  only requires--and uses- -a  single-phase 

clock system. 

2 

0 

These factors, taken 

It should be 

For example, OGO has  been designed using a-c 

The use of logic without such flip-flops would require a 

‘Skoures, “Choosing Logic for  Microelectronics,” Electronics, 
October 4, 1963, pp. 2 3 - 2 6 ,  
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EXHIBIT 3 - FACTORS TO CONSIDER EN CHOOSING A LOGIC SYSTEM 

Logic Capability- - Fan-in; inversion capability; availability of both 

normal  and complemented outputs 

Maximum Fan-Out--Number of loads which the logic element supplies 

Maximum Frequency of Operation--Determined by r ise ,  fall, delay, 

storage,  and recovery t imes 

Packing Density--Power dissipation, operating temperature,  heat sink 

tem pe r atur  e 

Isolation- -Signal propagation between channels of the same circuit  

Directionality- - Degree of signal propagation from output to input 

Interconnection Interaction- -Signal propagation from one line to  another 

Limiting- -Restandardization o i  the signal extremities corresponding to 

logical one or  zera  

Threshold Level- -Limits  at which circuit  amplifies information but 

re jec ts  cer ta in  noise signals 

P 

Stability--Degree of freedom from e r r o r s  resulting from regeneration 

within; a circuit  

Signal Aimplitude- -Minimum limits of signal level used to commhnicate 

from one circuit  to another 
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two-phase clock and many more  circuits.  However, in a more  detailed 

study o i  the use of integrated circuits €or OGO, the use  of direct-coupled 

logic should not be ignored. 

With respec t  t o  OGO as a specific system (and in view of the pre-  

l iminary n a b r e  o f t h e  effort reported herein), the factors that must  be 

considered are somewhat simplified. That is, an already designed and 

tested sys tem is inherently unreliable. In what way can reliability be 

improved mos t  for  the money? PRC feels that, although this question 

can only be definitely answered by further study, integrated circui ts  

offer great  promise,  In order  to reach  this conclusion it was necessary 

to consider some specific factors.  

F i r s t ,  what type of integrated circuits (custom, customized, o r  

standard) would be best  for OGO?' The standard types, i f  they will pe r -  

form as required for OGO, a r e  the cheapest and should therefore be con- 

sidered f i rs t ,  Circuits a t  the interfaces between integrated and non- 

integrated c i rcu i t s  wouldhave to be redesigned, These interface circui ts  

could be custom, or  possibly customized, integrated circuits,  either of 

which woulci be more expensive than standard integrated circuits.  Of 

courseo these interface circui ts  could be of the discrete  component type 

at l e s s  cost axid less reliability. Regardless of the final decision a s  to 

the interlace circui ts ,  there  is little question that the power converters 

would have to be redesigned, since integrated circui ts  generally operate 

at lower volta 

In the preceding paragraph, the use of standard integrated circui ts  

was predicated onwhether they will perform as  required fo r  OGO, It ap- 

pea r s  that the additional factors of concern in these preliminary consid- 

erations a re  operating frequency, environmental operating character is  - 
tics, power dissipation, noise immunity, 2nd fan-out. 

The highest  frequency in the digital a r eas  of OGO is 256 khps. In 

general  this is slow for  integrated circuits,  and is therefore no r e s t r i c -  

tion whatsoever. 

with respect  to power dissipation, 

l a t e r  paragraph., A s  f o r  environmental operating character is t ics ,  integra- 

A s  a matter  of fact, the slow speed is advantageous 

This will be mentioned further in a 

ted circuits generally meet the same conditions a s  t rans is tors  presently being 
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used on OGO. For example, one standard line of integrated circui ts  has  

all tes t  procedures conforming to MIL-M-23700, MIL-S-1950G2 o r  MIL- 
STD-750 and sampling procedures per MIL-M-23700 or  MIL-S-19500, 

Power dissipation, noise immunity, speed (operating frequency), 

and fan-out a r e  interrelated.  

higher speed calls for more  power. 

of OGO digital equipment indicates promise for low power dissipation. 

However, it appears that standard circui ts  designed to operate at this 

low frequency (and hence low power dissipation) a r e  not available at this 

time. This could not be determined for certainduring the course of this 

investigation, but this does not necessar i ly  mat ter ,  since power dissipa- 

tion may not be excessive with 1 -mbps circuits.  

For a particular choice of logic type, 

Thus the low operating frequency 

To determine the actual difference in  power requiremen.ts fo r  an 

integrated circuit  version of OGO equipment is difficult and not particu- 

la r ly  meaningful at this level of consideration. 

reasons for this a r e  a s  follows : Firs t ,  the choice of standard integrated 

circuits f o r  such a comparison would have to  be arbi t rary,  since this 

short  investigation coiild not possibly allow ji-istification 01 the selection 

of any particular line of integrated circuits. In addition, the various 

standard integrated circui ts  have been de signed with different types of 

logic. This, along with other factors,  has  re,sulted in varying fan-out 

(load driving) capabilities. Therefore,  an OGO flip-flop could not gen- 

eral ly  be replaced by an integrated circuit  flip-flop because, whereas 

the 060 flip-flop may be able to drive 1 0  discrete  component gates, the 

integrated circuit  flip-flop could only drive 3 o r  4 o r  even 8 integrated 

circuit  gates. Thus, the OGO circuit  would have to be replaced by at 

least  two and maybe more  (a  flip-flop and one o r  more  dr ivers )  inte- 

gratedcircui ts .  However, for  information, a look is taken at the prob- 

leim in conjunction with costs,  following further discussion o f  noise 

immunity. 

Some of the numerous 

".. 

The practical  concernwith respect  tonoise i s  whether it will cause 

false triggering of storage elements. The use ofmicrocircuitry,  particu- 

lar ly  integrated circuits,  has  been accompanied by renewed interest  in 

this subject of noise immunity, There a r e  two pi-imary reasons for the 
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concern. There has been a large increase in the operating frequency 

of integrated cir its, and the decrease in  system size brings 

power lines, and ground lines into c loser  proximit 

Since c ros s -c  g between these lin 

of the t ransi t ions on the fines and their  proximity 

unusual to  expecf: that noise problems will be grea te r  than observed in the  

past  f o r  sys t ems  made of d iscre te  components, The noise problem must 

not be overlooked, or the advantages of integrated circui t ry  may fail to 

provide sys tems that operate without e r r o r .  

The var ious  logic types generally have different noise immunities. 

In addition, for  the same logic type, increased noise immunity requires  

{among other t h h g s )  more power, but lower operating frequencies, That 

is, a high-freqerency, highly noise -immune circui t  requires  more  power 

than i f  ei ther h.-equency or noise immunity were low. . The OGO digital 

c i rcui ts  a r e  genera l ly  low-power with high noise immunity by virtue of 

the use of diode-transis tor  logic {DTL) at low operating frequencies. 

Since DTL is available from Motorola (and Signetics) in standard 
iEtegrzted cipcxi$sI inclz&Lpm 2-c ccz-lod fl ip-flzps 2 3  used CGO, it 

'6 r- 
is informative to make a comparison with at least  one of the present 060 

circuits.  The OGO FF-2 dissipates 30 m w  with a fan-out of 22. A. 

Motorola MC2f39 (Signetics SE124) flip-flop (integrated, of course)  Will 

operate up to  a fiequency of 10  mc with a fan-out of 8 and power dissipa- 

tion of 16  mwc 
capability of 20 can be obtained with a total dissjpation of 16 -1- (3 x 8,5)  

= 41.5 mw. Considering the fact that the power dissipation is about 1 0  

percent g rea t e r  $or about 10 percent less  fan-out, a quickl.ook was taken 

at  the OGO Tab Run Loading Study to determine i f  a fan-out of 22 i s  ac- 

tually required,  It ap1Seared that only seven flip-flops were required to 

have a fan-out g r e a t e r  than 16, For a fan-out of 16  or  less,  integrated 

circui ts  could be obtained using two MC202's (SElO2's) with adissipation 

of 16 4- ( 2  x 8-51 = 33 mw maximum, Thus it can be seen, from the point 

of view of power dissipation versus  fan-out, that integrated circui ts  ap- 

pear adequate gh to deserve further detailed consideration. All of 

the gating and eds to be studied before a definite statement can. 

Using three  MC202's (SE102's)  as  dr ivers ,  a total drive 
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be made a s  to whether integrated circui ts  will per form as  required for 

OGO. 
It should be c lear  at this point that costs can only be considered in 

a v e r y  superficial  manner.  If the cost  of present  OGO modules were 

available to PRC, there  would be some basis  for comparison, To make 

an est imate  of the cost  of the presently used modules by counting compo- 

nents and pricing them in quantity would xiot be adequate, since such costs 

wouldnot be of much use  without the module assembly costs and the one- 

t ime redesign costs involved with using integrated circuits. In addition, 

only when an exact determination of performance requirements is made 

will the totalnumber of integrated circuits required be known f o r  a useful 

cost  comparison. This  is especially important because integrated circuits 

show greatest  advantages in large numbel.s--particularly custom circuits 

where initial costs a r e  high and must  be amortized over a la rge  number 

of circuits,  Since the average unit cost  reduces with increased quanti- 

ties, the r ea l  significance of cost  versus  reliability requires more  de- 

tailed conside r at  ion. 

Another cost  versus  reliability Sactor i s  the package style. It is 

recommended that adequate consideration be given to the ilat package. 

The reason  for this is that a large amou.nt of developmental work i s  

being done to eliminate the fine wires  that presently connect the mono- 

lithic circuit  die to the external leads in both the flat and TO-5 type 

packages. A t  present  these wires  a r e  generally stitch-bonded. Their 

elimination will eliminate the labor cost  of bonding, thereby reducing the 

unit cost. In addition, this method would eliminate a potential source 

of circuit  failures. 

T o  compare the reliability of an integrated circuit  flip-flop with 

a discrete  component flip-flop is not reasonable because there  i s  not 

a one-for-one replkcement ratio. A s  pointed out ear l ier ,  it  could take 

up to four circuits for replacement. However, an indication of the rel i -  

ability improvement that can be m-ade c a i  be shown by the following: 

In the DDHA and LFTAthe re  a r e ,  respectively, 59  and 71 discrete  com- 

ponent flip-flops. Replacing all but 7 (those requiring a fan-out of 2 2 )  

by integrated circuits ecpivalent to one Signetics type SE124 2nd two 
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SE102's, the probability of no failures can be improved roughly from 

0.01 to  0.58 fo r  the remaining 123 flip-flops. 

5. Reliability 

Of the many apparent advantages of integrated circuitry,  

really significant increases  in achievable reliability may prove to  be the 

greatest ,  

nents have taken place with rapidity in recent years .  One problem, 

however, exis ts  with discrete  components that seems impossible to elimi- 

nate, The problem i s  that  a discrete  component circuit, by its very na- 

ture ,  requi res  a l a rge  amount of discrete  connections and a large number 

of handling and assembly operations. It is this factor which effectively 

tends to l imit  the ultimate reliability achievable with discrete  components (I 

Important advancements in the reli-ability of discrete  compo- 

Inthis  regard,  integrated circui ts  have three significant advantages 

from the outset. These a r e  (1) €ewer interconnections, (2 )  process-  

dependent fabrication steps rather  than human assembly, and (3 )p rocess -  

ing controlled by one manufacturer. In addition to the reduction in num- 

be r s  of interconnections, integrated circui ts  also offer distinctly different 

types of interconnections. Discrete components require  that the intercon- 

nections be formed by placing diss imilar  mater ia l s  in physical contact 

and brazing, welding, o r  soldering them together. 

however, the interconnections a re  achieved either by depositing the dis - 
s imi la r  mater ia l s  direct ly  on one another o r  by using the same piece of 

mater ia l  actually to f o r m  different c i rcui t  elements The interconnec- 

tions required in integrated circui ts  then involve close molecular asso- 

ciation between mater ia l s  or  elements, and, thereby, a r e  inherentlyvery 

reliable. An additional advantage is very small  c i rcui t  mass ,  which nat- 

urally improves inherent res is tance to vibration and shock damage, 

In integrated circuits,  

x 

A t  this  point in time, significant amounts of data concerning the 

reliability of integrated c i rcu i t ry  a r e  still difficult to locate. It i s  gra t i -  

€ying, bowever, to note that most manufacturers a r e  making the data 

freely available from their  testing operations a s  it is  compiled, 

fact in  itself speaks well for the reliability of integrated circuits.  

the various data collected, probably the m o s t  interesting is that recently 

This 

Of 
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re leased  by the Navy concerning operational data on three equipments 

utilizing integrated circui ts .  The equipments involved a r e  (1) two auto- 

mat ic  Loran-C rece ivers ,  (2) a Pathfinder electronic countermeasures 

receiver ,  and (3) an AN/ASW-21 one-way data link. The two Loran r e -  

ceivers  employ 1,480 integrated circui ts  each (with converters),  and the 

other two devices utilize 160 and 125 integrated circui ts ,  respectively. 

These four  i t ems  have thus far compiled 5,765,250 integrated-circuit 

operating hours,  224,800 of which were actual flight operating hours. 

During this t ime only one failure has  occurred, and the propriety of 

charging it to the integrated circuits is dubious since there i s  some feel- 

ing that the circui t  was defective pr ior  to installation, but that testing, be- 

cause of a hurr ied t ime schedule, was insufficient to catch i t ,  Assuming, 

however, that this one failure i s  chargeable, the resulting failure ra te  is 

0.1735 f a i lu re s  per 10 hours  for an average integrated circuit. Invery 

general  t e rms ,  each of these circuits probably represents  replacement 

of a d i scre te  component c i rcui t  which would exhibit a total failure ra te  

of a t  l ea s t  10 t imes that failure ra te  or grea te r .  This one body of data 

i-epreseiits the most significant proof of the liigli i-elizibllity expectatioiis 

f o r  integrated circui t ry  that has come to PRC's  attention to date. 

6 

Other data  compiled frommanufacturers '  t e s t s  of separate circuits 

has  been analyzed, with the following resul ts :  Failure ra tes?  computed 

f rom various groups of test data, range f rom 5.34 failures per 1 0  

integrated-circuit  hours  (4.1 0 per  active element) for  c i rcui ts  tested at 

125O C for an approximate average of 3,000 hours  t o  0.084 failures per  

10  integrated-circuit  hours  (0.028 pe r  active element) for  1,27 1 circuits 

tes ted for  more  than 9,000 hours  each at 125' C. The manufacturer of 

the first group repor t s  data  resulting in a fa i lure-rate  estimate of 0,37 

fai lures  pe r  1 0  integrated-circuit  hours  for  c i rcui ts  tested at 25 C, 

and the manufacturer of the second group repor t s  compiled data for 
testing a t  125O C which resu l t s  in 0-15 failures per  1 0  integrated- 

circuit 'fiours, with each circuit  tes ted for  more  than 8,700 hours  and 

approximately IO percent tes ted for  more  than 14,500 hours each. It i s  

appropriate t o  note that the data for  the second group in both of the above 

cases  outnumbers that for the first group by approximately three t imes,  

both in t e s t  hours  per  c i rcui t  and in number of c i rcui ts  tested. 

6 

6 

6 0 

6 
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From this review of data, it is appropriate to  conclude that the 

failure rates of integrated circui ts  a r e  at least  1 0  t imes  l e s s  than those 

An appropriate average semi-  

conductor i&egrated-cireuit  failure ra te  for preliminary use is 0,15 to 
0.2 failures per 10 

scre te  component circuits.  

6 integrated-circuit  hours. 

6 .  SUMMAXY 

THE PURPOSE O F  THIS TAM IS TO MAKE A PRELIMINARY 

INVESTIGATION INTO THE POSSIBILITY O F  USING INTEGRATED CIR- 

CUITRY IN PORTIONS O F  OGO IN A.N EFFORT TO INCREASE THE RE- 

LIABILITY OF TEE SFACECRAFT. THE CONCLUSIONS DRA.WN A R E  

AS FOLLOWS: 

a0 THE USE OFINTEGRA.TED CIRCUITS IN SOME POR- 
TIONS OFCBGO (ESPECIALLY THE DIG1TA.L EQUIPMENT) IS FEASIBLE 

CESSITATING BASIC LOGIC REDESIGN. ' 

be DIRECT SUBSTITUTION O F  OFF-THE-SHELF INTE- 

GRA.TED CBGUITSONAONE-TO-ONE BASIS PROBABLY IS NOT POS- 

SIBLE, ZUT S'iiEST1TUTIGi.S ON A BASIS GFTIYO GR TXREE STA.1.SDA.Z.E 

1NTEGRA.TED CIR.CUITS FOR ONE DISCRETE COMPONENT CIRCUIT 

APPEA.RS TO B E  FEA.SIBLE, WITH THE fJSE O F  SOME CUSTOMIZED 

CIRCUITS I'N INTERFACE A.REAS. 
Q3* INSOFAR A.S IS REVEALED BY THIS PRELIMINARY 

INVESTIGA.TION, IT APPEARS THAT POWER CONSUMPTION W I L L  

ERIQUS PROBLEM, 

d. NOISE SUSCEPTIBILITY, BECA.USE O F  THE CLOSER 

PROXIMITY OF LEADS AND HIGHER SWITCHING SPEED O F  THE INTE- 

CUITRY, WILL REQUIRE CARE I N  DESIGN. THE SCOPE 

O F  THIS 1ITVESTIGA.TIGN DID NOT A.LLOW A. DETAILED DETERMLNA- 

TION O F  THE EXTENT O F  THIS PROGRAM. 

e c  RELATIVE COST COULD NOT BE DETERMINED; 

ROWEVER, THIEI3.E IS REASON TO BELIEVE THA.T THE BENEFITS 

WOULD OUTWEIGH THE COST. 

f ,  THE POSSIBILITY O F  SIGNIF1CA.NT INCREASES 

(POSSIBLY RDERS OF  MAGNITUDE^ IN RELIA.BILITY HAS BEEN 
DEF1NITEL;Y DETERiMLTED TO EXST. 
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g. ’ THE USE O F  INTEGRATED CIRCUITRY IN OGO HAS 

NOT BEEN RULED OUT BY ANY O F  THE CONCLUSIONSOFTHIS IN- 

VESTIGATION, AND THE POSSIBILITY O F  NUMEROUS A.DVANTAGES- - 
INCLUDING INCREASED RELIABILITY A.ND REDUCED WEIGHT-- 

MAKES IT DESPRABLE THA.T A. THOROUGH AND DETAILED ANALYSIS 

O F T H E  USE 0FINTEGRA.TED CIRCUITS IN SPECIFIC AREAS O F  OGO 

BE CARRIED OUT A S  SOON AS POSSIBLE. 

1 5  
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TECHNICAL ADVISEMEMT MEMORANDUM NO. 34- 29 

To : Assis tant  OGO Project Manager, GSFC, NASA 

From: 

Subject: 

P R C  OGO Reliability Assessment Teain 

Assessment  of the OGO 5-50  Power Supply Subsystem 

I .  Sys tem Description and Mission Profile 

A complete description of the OGO S-50 Power Supply Sub- 

system was given in  a previous Technical Adviqement Memorandum, 

TAM No. 34-27 ; however, this description, although useful, is not e s -  

sential to understanding the following discussion. 

3. 

The S - 5 0  (POCO) mission profile is characterized by alternating 

eclipse and sunlight seasons.  The eclipse season, a s  defined here ,  in- 

cludes al l  o rb i t s  during which the satellite i s  in eclipse for some por-  

tion of the orbit. The sunlight season includes all co-mplete orbits for 

-,;.hich thc sate?lktc is act eclipsed. 

capable of operating in two distinct modes, which correspond to  the two 

seasons.  

charge mode; in the sunlight season, i t  is  the cycle charge mode. These 

two modes of operation a r e  necessary so  that the batteries will have suf- 

ficient power when they a r e  required in the eclipse season, and a r e  not 

overcharged when they a r e  not required in the sunlight season. 

The Pow-er Supply SuLsystc3ri-i is 

In the eclipse season, the normal mode is the continuous 

The reliabil i ty of the Power Supply Subsystem can be defined a s  

the probability that  it will successfully operate in each mode when r e -  

quired and for  the length of t ime required,  So that these probabilities 

can be numerically e_valuated, a specific mission profile is defined. 

However, since the mission profile is a function of launch date, it is 

practically impossible, owing to slipped schedules, inclement weather, 

e tc . ,  to make p rec i se  specificati0n.s before launch. Hence, f o r  purposes 

'PRC D-818, Pre l iminary  Review of OGO S - 5 0  Power Control Unit, 
Technical A d v G r n e n t  Memorandurn No. 34-27,  16  July 1964. 

*--I--"-*---- 
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1 of this assessment ,  a launch date of 3.0 hours  (U.T. ) ,  1 6  March 1965, 
has been assumed,  although selection of other launch dates would not 

greatly a l te r  the resu l t s  of the assessment. 

of the mission profile pertinent to  this numerical  assessment .  

ditional factor of 800 hours  shown on the exhibit is  used  to account for 
the accelerated failure rates anticipated during the launch portion of 

the mission. 

Exhibit 1 shows the details 

The ad- 

2 

2. General  Approach 

The usual approach in deriving a reliability expression for  

a particular equipment configuration is to draw a reliability block dia- 

g r a m  relating the various components to each other a s  a function of 

their  failure effects. 

s e r i e s  and/or  parallel  units, f rom which well-known reliability expres - 
sions can be written as  a function of tabulated par t  failure ra tes  and 

time. 

Generally, this diagram consists of a number of 

This  is essentially the procedure followed he re .  

However, the effects of raany of the coniponent par t  failures in 
3 this subsystem a r e  not immediately c lear .  Therefore ,  a complete 

f i r s t -order  failure analysis was performed to clarify the various fail- 

ure effects. This analysis consisted of de te rk in ing  the initial result  

of the failure of each iridividual par t  in either its short  o r  open mode, 

assuming that a l l  other par t s  operate s a t i ~ f a c t o r i l y . ~  Exhibits 2 and 3 

sumi-na,rize the resul ts  of this analysis. 

The first column of Exhibit 2 lists the various subunits, in accord- 

ance withTAMNo. 34-27. The secondcolumn, takenfromSTL's  schematic 

POGO Launch --I_-- Window Study? Martin -Marietta Corporation, Baltimore, 
Maryland, June 1963. 

P 

'PRC R-3 09, Third Reljability A ssessnient for the Orbiting Geophysical 
Observatories, 15 Apri l  1963, pp. 11-23.  

3 

chronous oscil lator were considered separately. (See pp. 33-35.) 

'In cases  where it was evident that a particular failure of one par t  
would cause failure of another par t  o r  par t s ,  the consequence of this 
multiple failure was taken into account. 

The solar a r r a y s ,  batteries,  capacitor quad, and the 2461-cps syn- 
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1 diagram of the S-50 power control unit, 

and the power supply module upon which it is  physically located. 

third column identifies whether a short  (S) o r  open (0) failure mode is 

under consideration. The remainder  of this exhibit is dichotomized as 

to whether the continuous charge mode o r  the cycle charge mode i s  under 

consideration. For each of these modes,  a numerical  code, indexed in 

Exhibit 3, is l isted which gives the initial s ta te  resulting f r o m  the failure,  

the indicated cor rec t ive  action with regard to failure switching, and the 

final result ing state. 

identifies each component pa r t  

The 

T h e r e  are  two configurations of the Power Supply Subsystem for 

each charge mode: operational and standby. In addition, there  is not 

sufficient information to determine categorically whether one battery 

alone can repeatedly bear,  without failing, the discharge necessary  to 

supply the required load during the deep eclipse season o r  whether both 

bat ter ies  a r e  necessary ;  consequently, both c a s e s  were  considered. 

Thus, there  a r e  four Power Supply Subsystem configurations p e r  charge 

mode, o r  a total  of eight configurations, as follows: 

a. Two Bat ter ies  Required 

(1) Continuous Charge Mode--Operational (eclipse 

season)  

Continuous Charge Mode --Standby (sunlight 

season)  
( 2 )  

(3)  Cycle Charge Mode--Operational (eclipse 

season) 

Cycle Charge Mode- -Standby (sunlight season) (4) 

b. One Battery Required 

(1 [ Continuous Charge Mode- -Operational (eclipse 

s e a  son) 

Continuous Charge Mode - -Standby (sunlight 

season) 
( 2 )  

I STL Diagram S214250 U, Schematic Diagram, Power Control Unit S - 5 0 ,  
6 March 1964. 
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EXHIBIT 3 - INDEX O F  FAILED STATES, DEGRADED STATES, FAILURE 
SWITCHING AND FINAL RESULTS 

Failed States 

1 .  Charge Control function failed in Normal limits (EB = Normal,  

1.1 
1.2 
1.3 Battery cur ren t  minimum 
1.4 
1.5 Regulated reference voltages incorrect  
1.6 
1.7 
1.8 
1.3 

1.10 Battery-Bus Voltage Limiter  loop gain changed 

IB = if%> 
Battery charge cur ren t  not regulated 
Bat tery upper voltage not l imited 

Bat tery upper charge voltage too low 

Current  o r  voltage regulation loop gain changed 
Incorrect  cur ren t  indication f rom Current  Direction hlonitor 
Current  regulated for both charge and dikcharge 
Load Bus Overvoltage Limiter  causes  battery voltage to be 
Limited a t  low value 

2. Controlled Array  section failed 

2.1 One controlled section output unregulated. No battery charge 

2.2 
2.3 
2.4 

regulation 
One controlled section output minimum 
One controll-ed section output opened 
No power supplied to Load Bus f rom one Charge Bus 

3. Ser ies  Regulator function failed 

3.1 One Series  Regulator shorted 
3.2 One Ser ies  Regulator open. 

f r o m  one Charge Bus during Bat tery charge 

4, Discharge Control function failed 

No power supplied to Load Bus 

4.1 Discharge Control re lays  not s e t  (bypass). Both Ser ies  Regu- 

4.2 
la tors  remain inser ted during bat tery discharge 
Continuous set  (bypass} signal to both Discharge Control relays.  
Both Ser ies  Regulators bypassed, and both Charge Euses  lim- 
i ted to 34.1 volts during charge 
Discharge indication froin one Current  Direction Monitor open 
No se t  (bypass) signal to either Discharge Control re lay  from 
one Oischarge Control Set channel 
One Ser ies  Regulator not bypassed during battery discharge 
€40 r e s e t  signal to both Discharge Control relays,  
Regulators bypassed, and both Charge Buses limited to 34.1 
volts during charge 

Se r i e s  Regulators inser ted during battery discharge 

l imited to 34,l vo l t s  

4.3 
4.4 

4.5 
4.6 Both Series  

4.7 Continuous r e se t  signal to both Discharge Control relays.  Both 

4.8 One Series  Regulator bypassed during charge,  and Charge Bus 
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EXHZBKT 3 (Continued) 

Fai led States (Coitinued) 

5. 

6, 

7. 

8. 

9. 

lfUncosltrolled'! a r r a y  section failed 

5.1 Output unregulated. Load Bus overvoltage i f  two uncontrolled 

5.2 Ouzput minimum 
5.3 Output open 
5.4 Control loop gain changed 
5.5 

Bat tery failed 

6, l  BaOkcry shorted o r  qpen 
6.2 Ba t t e ry  circui t  opened, ChhPZe Control a l so  failed 
6.3 B a t t e r y  circui t  opened. Charge Control uaaffected 

Branch  failed 

- 
sec t ions  output grea te r  than load requirements 

Sect ion voltage supplies load through Ser ies  Regulators and 
o p e r a t e s  at bat tery charge voltage. Output reduced at high voltage 

7.1 
Cycle r e l a y  operation failed in Normal limits (EB = Normal, 
I7j = PA} (cycle only) 
8.1 C y c l e  re lay  continuously energized, slid Bat tery removed f rom 

8.2 

8.3 

8.4 

8 3  

8.6 Cycle re lay  not held energized below upper voltage limit. Bat- 

8.7 R e g d a t e d  reference voltages incorrect.  Cycle relay not ener-  
Bat tery charged above upper  voltage l imit  

8.8 

Output of 3 a r r a y  sections open 

I_- I 

-- 

c h a r g e  
C y d e  re lay  held energized below lower voltage limit and Bat- 
tery removed f rom charge 
Cycle  re lay  not energized a t  upper voltage limit. 
above upper voltage limit 
Cycle  re lay not energized at upper voltage limit. 
cha rged  apt U F L J ~ X -  voltage limit 
Cycle re lay  energized whenever battery voltage above lower 
Err12t. 

teiy cycled a t  high r a t e  a t  upper voltage lim-it 

gized. 
Ba t t e ry  continuously "trickle" charged at 36 volts once cycle 
r e l a y  i s  energized 

Battery charged 

Battery "trickle" 

Bat tery cycled at high r a t e  a t  lower voltage lircit 

Charge E3l1.s regulPttio.n failed ( g c l e  I_-- only)  

9.1 
9 - 2  
9.3 

Chayge Bus unregulated during battery '$float" 
Charge Bus regulated to low voltage during fffloat" 
Charge Bus regidator loop gain changed 
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EXHIBIT 3 (Continued) 

Failed States (Continued) 

10. 

11. 

12. 

D l .  

Char ut% Control function failed when non-normal cur ren t  o r  voltage 
1 e vc? I co mmande d 

10.1 Curren t  regulation failed when 5A ra te  commanded { Cont. only) 
10.2 Curren t  regulation failed when *lOA ra t e  commanded (Cont. only) 
10.3 Bat tery voltage limited at low value when !'A" commanded 
10.4 Battery voltage not limited when 'IB" commanded 
10.5 Bat tery cur ren t  5A when IOA ra te  commanded (Cont, only) 

-2 

Load Bus overvoltage l imiter  function failed 

1 1.1 Load Bus voltage uncontrolled 
11 - 2  Controlled sections outputs i-riinirnurn 
11.3 Load Bus overvoltage l imiter  loop gain changed 

Cvcle  re lav operation failed when non-normal voltape limit commanded 
(Cycle only) 

12.1 Cycle re lay continuously energized when "A" commanded. Bat- 

12.2 Cycle relay not energized when "B" commanded. Battery 
t e r y  removed f rom charge 

ove r charged 

Deg-raded States - 

Charge Control function degraded in Normal mode (EB = Normal,  
IB = 1.A) 

D1.1 Curren t  o r  voltage regulation loop frequency response changed 
D1.2 Curren t  Regulator not clamped when Shunt Regulator Driver .  

saturated 
D1.3 Curren t  Regulator temperature-sensitive 
D1.4 Comparator bias voltages susceptible to transients 
D1.5 Curren t  monitors excitation free-running. System noise level 

increased  
D1.6 Curren t  Direction Monitor crossover  offset. Discharge indi- 

cation for discharge cur ren t  of l e s s  than 300 ma o r  for finite 
charge current ,  
cu r ren t  regulation 

i n t f i  cated until discharge cur ren t  greater  than noimind 300 ma. 
1'0 5; s ibi li ty of a r ray cu r r en t r e duc ti0 n dun in g B a tt e r y di s cha I' g e 

Possibility of stopping associated Battery 

D1 .? Current  Direction Monitor c rossover  oi'fset. Discharge not 

D1.b Ctirrcnt Direction Monitor 300 ma discharrre bias eliminated 
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EXHIBIT 3 (Continued) 

0 2 .  

D3. 

D4. 

D5. 

D6, 

Series Regulator function degraded 

D3.1 Individual regulator frequency response changed 
D3.2 Individual regulator active below normal  level 

Discharge Control function degraded 

D4.1 

B4.2 

D4.3 

D4.4 
D4.5 

D4.6 

D4. a 

334.8 

Energization of both Discharge Control re lays  not delayed (Con. 

Relay t ransients  dissipated through output t rans is tors  (Con, 

Resett ing of both Discharge Control re lays  not delayed (Con. 

L G O ~  gain and/or  frequency response changed (Con. only} 
Discharge Control re lays  r e s e t  when Load Bus  voltage l e s s  
than. 32.5 volts (Con. only). 
Cur ren t  Direction Monitor c rossover  offset, 
cation for discharge cur ren t  of l e s s  than 300 ma or  for finite 
cha rge  current .  Fossibiiity of generating Discharge Control 
Set; (bypass) signal, causing both Bat ter ies  to be charged only 
to 34.1 volts 
Cur ren t  Direction Monitor c rossover  offset, Discharge not 
indicated until discharge cur ren t  grea te r  than nominal 300 ma, 
Setting of Discharge Control re lays  delayed (Con. only) 
Cur ren t  Direction Monitor c rossover  eliminated. Discharge 
Control Set (bypass) signal generated for any value of discharge 
cur ren t ,  Possibil i ty of bypassing Series Regulators, causing 
both bat ter ies  to be charged only to 34.1 volts 

only) 

only 1 

only) 

Discharge indi- 

'I Uncont r of1 e d I '  a r r a y  s e c tion de graded -.. 
105.1 
D5.2 

Load Bus Limiter loop frequency response changed 
"Uncontrolled" section output reduced when Load Bus voltage 
less than nominal 32.5 volts 

I_ Battery cbarge voltage limit selection failed 

D6.1 Charge voltage limited a t  Normal upper voltage limit when "A" 
coznmanded 

D6.Z Charge voltage limited at Normal upper voltage limit when "B" 
c omrnande d 
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EXHIBIT 3 (Continued) 

D7. 

D8. 

D9. 

sa 0. 

Degraded States (Continued) 

Cycle re lay operation degraded in Normal limits (EB = Normal) 
(Cycle only) 
D7.1 Delay in  energizing o r  deenergizing re lay  eliminated. Circuit 

operation susceptible to transients 
D7.2 Gain and/or  phase shift of control loop changed 
D7.3 Relay t ransients  dissipated through output t rans is tors  

Cyc1.e re lay operating voltage limit failed (Cycle only) 

D8.1 Cycle relay energized at Normal upper voltage limit when "A" 
commanded 

D8.2 Cycle re lay  energized at Normal upper voltage limit when "B" 
commanded 

Charge Bus regulation failed (Cycle only) 

D9.1 Charge Bus regulated slightly above 36 volts during "float" 
D9.2 Charge Bus regulator loop frequency response changed 

Load Bus overvoltage l imiter  degraded 

D1O.l Load Bus overvoltage regulator loop frequency response changed 
Di0.2 Load Bus iimited to slightiy above 34 voits 
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( 3 )  Cycle Charge Mode--Operational (eclipse 

season) 

Cycle Charge Mode--Standby (sunlight season) (4) 
For each configuration, a different reliability expression is appropriate 

because of the different consequences to mission reliability of each par -  

ticular failure.  

The approach used here  is, in short; to determine a reliability ex- 

pression for each configuration and then to combine these reliabilitv 

expressions In an appropriate manner to a r r ive  at an  overall  power sup- 

ply reliability expression as a function of time. 

C .  Assumptions 

Before proceeding with the detailed reliability model- 

ing for each coniiguration, cer ta in  assumptions which apply to a l l  con- 

figuratioizs will be stated. 

simplify the calculations and to more  clear ly  define the modeled system, 

These assumptions 2re made in order  to 

(1 )  The solar a r r a y s  exhibit only a deterministic 

deg.radation Ini;ih t ime, whicli is s u c h  that aii  solar  a r r a y  sections a r e  

required during the eclipse seasons, and four of s ix  sections a r e  re- 

quired during periods of continuous sunlight. 

tification of this assumption. ) 

(See Appendix A for jus-  

( 2 )  To fully replace the charge withdrawn f r o m  the 

bat ter ies  during the eclipse, the 5 ampere  charge rate  is required f o r  

ecl ipses  longer than 10  minutes when both batteries a r e  available, and 

the 10 ampere  charge rate  i s  required €or eclipses longer than 2 8  

minutes when one battery has failed ( s e e  Exhibit A-3, Appendix A). 

Since €or the majority of the eclipse season the eclipse duration ex-  

ceeds these t imes,_ it is assumed that the 5 ampere  o r  1 0  ampere com- 

mand is required during the entire eclipse season when both batteries 

o r  one battery a r e  available, respectively. 

(3) If the 5 ampere command fails, it is assurned 

that the 6 ampere  ra te ,  which can be generated by commanding the 10 

ampere  command without the 5 ainpere command, will satisfactorily 

limit the charge cur ren t  and will not degrade battery operation. 
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(4) If a battery remains on continuous charge at any 

voltage o r  is continuously removed f rom charge during the extended sun- 

light period (i. e., the cycle relay is not energized o r  is continuously 

energized), the battery will. fail. 

(5 )  Because of assumptions ( Z ) ,  ( 3 ) ,  and (4), the bat- 

t e r i e s  and Power  Supply Subsystem will fail without the command capa- 

bility of increasing the charge current  ra te  i’n the continuous charge mode 

o r  of energizing the cycle re lays  in  the cycle charge mode. 

assumed f o r  t h i s  assessment  that a l l  commands a r e  available for  enough 

of each orbit  to per form any of their  desired functions. 

Thus, it is  

(6)  Although STL states  that approximately 25 per -  

cent of battery capacity remains when a battery charge i s  limited to 34.1 

vol-ts, the present  assessment  absumes &at the battery has failed and 

that no capacity remains,  

( 7 )  If  the battery charge bus is unregulated during 

cycle charge mode float, it is assumed that the increased power diss i -  

pation in a series regulator will cause the se r i e s  regulator to fail open. 

If the battery is  cycled between charge and float ( 8 )  
at an  abnormally high rate  in the cycle charge mode either because of 

incorrect  cycle re lay operation or because of low charge bus regulation 

during float, it is assumed that the battery will €ail. 

(9) It is assumed that the load bus l imiter  function 

i s  not required for  mission success,  since the control can be removed 

by ground command, and any excess uncontrolled a r r a y  output can be 

dissipated without increasing the load bus voltage above 32.5 volts by 

commanding aciditional equipment on, such a s  high-power experiments. 

(10)  Failure ra tes  a r e  assumed to be constant with 

t ime in both the operational and standby configurations. 

(11) Although the batteries probably have an in-  

creasing failure ra te  with t ime, insufficient data are available to quan- 

ti.fy this effect; hence, the battery failure ra te  i s  a lso assumed to be a 

constant 

(12) It is assumed that a l l  the degraded 

in Exhibit 2 cause no significant reliability degradation. 

s ta tes  shown 
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( 1 3 )  The load bus fi l ter  (capacitor quad) and the 2461- 
cps synchronous oscil lator a r e  treated as  perfectly reliable in this a s -  

sessment, the f o r m e r  because of its near unit reliability and the 1.atter 

because any failure only slightly degrades sys tem periormance. 

3 .  Model For mulation 

For each of the possible equipment configurations, a rel ia-  

bility model is developed; a reliability diagram consisting of a number 

of somewhat ar t i f ical  units is used. Each  unit consis ts  of all pa r t /  

failure mode combinations for which the f i rs t -order  failure of each 

yields the same  effect on mission reliability f o r  a particular configura- 

tion. The fa i lure  ra te  of each unit is assumed to be the suim of the fail- 

ure rates of the par t / fa i lure  mode combinations which constitute the 

unit. The failure rates used a r e  given in Section 4. 
T h e  various units used in  the assessment  of the eight required con- 

figuration reliabil i t ies a r e  defined in Exhibit 4 in t e r m s  of Exhibit 2 

These  units were derived by observing which states always 

occurred  together,  in the sense that any failure in the unit causes the 

same mission effect in any particular configuration. A s  Exhibit 4 

shows, a total of 33 such units were required. The relationship of 

these units to configuration reliability is graphically demonstrated in 

Exhibits 5 through 9. The Ui t e r m s  in each block of the diagrams 

indicate which of the Exhibit 4 units a r e  contained in that block. An 

exponent of any t e r m  indicates the number o€ such units in the block. 

So that the physical implications of each model can be better under- 

stood, the blocks of Exhibits 5 through 9 a r e  fur ther  grouped into gen- 

eral ized functions. 
c 

a. Two Bat ter ies  Required 

The reliability dia,gram of the ope ratioEa1 continuous 

charge mode configurations, COM, is  giver1 in Exbibit 5. This is  a 
1 straightforward formulation for  which the reliability expression is 

- 
'The superscript ( 2 )  is used throughout this subsection to  indicate that 
fmo ba t te r ies  are  required.  
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EXHIBIT 4 - DEFINITION O F  “UNITS” AND THE FAILURE 
RATE O F  EACH 

Uni t  
Index, 

i 

1 
2 
3 
4 
5 
6 
7 
8 
9 

I O  
11 
12 
13  
14 
1 5  
16  
17 
1s 
19  
20 
21 . 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

Qu anti t y 
Total  

2 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
4 
4 
2 
2 
1 
2 
2 
2 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

ui (1) 
Unit Definition, 
(in t e r m s  of s ta tes)  

1.1, 1.6, 1.7, 1.8 
1.1/4.2, 1.1/4.2, 4.6/5.1 
1.1 /4.3, 1.8/4.3 
1.1 1’6.2 
1.2 

1.3 
1 .3h1 .2  
1.4/11.2 
1.5/11.1 
1.6h1.3 
1.9/11.2 
2.1 
2.2, 2.3 
2.4, 3.2 
3.1, 4.8 
4.2, 4.6 
4.3 
4.4 
4.5 
4.7, 4.7/5.2 
5:3 
6.1 
6.3 
7.1 
8.1, 8.2, 8.4* 8.5, 8.6, 8.8 
9.1, 9 . l I ’ l l . l  CYM 
9.2 
10.1 
10.2, 10.5 
11.1 
11.1 CYM 
11.3 

1.2I’ll.l 

Unit 
Failure Rate ,  
Ax 10-6 

3.99 
2.85 
3.32 
0.20 
2.18 
0.83 
0.37 
1.14 
1.52 
1.42 
0.87 
0.27 
0.56 
0.42 
1.44 
1.45 
2 .92  
3.27 
0.98 
0.10 
2.15 
0.04 

24.00 
0.04 
0.08 
8.14 
1 .60  
0.09 
0.46 
0.61 
1.52 
0.1 3 
0.04 

Note: (1) All  s ta tes  re fer  to the continuous charge inode except when 
followed by CYh4, in which case  they re fer  to the cycle charge 
mode- 
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2 2  
* u:3u:4u22u; .5u2u 1 7u2 1 u: 6u4u23ui4 

where U. now denotes the reliability of unit U. andsthe t ime notation 

is uniformly suppressed for ease  in  writing. 
1 1 

The standby continuous charge mode configuration, COM::, is dia- 

This  configuration expresses  the probabilitythat grammed in Exhibit 6. 
the continuous charge mode will survive the extended sunlight season 

and be operable when required for the next eclipse season. This con- 

f'igci-atioii differs li=oripi ilie uperaLivnai case in  that some units may cause 

battery failure, and hence continuous charge mode failure, during periods 

of extended sunlight without, however, fa i l ing the Power Supply Subsystem 

during the sunlight: season, The equation fo r  this configuration is 

* u:n u2v2 1 12 uz 2 8  u2 26 

i=? 

4 4  2 2  
' u1 3u14-u2Zu~5u2u1 TU21 u k % u 2 3 u k t  
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The reliability diagram of the operational cycle charge mode (CYM) 

configuration shown in Exhibit 7 i s  applicable to either a one- o r  two- 

battery situation, sinck the cycle charge mode i s  independent of the bat- 

t e r i e s  in i t s  operational configuration. The equation for this configura- 

tion is 

1 0  10 

i= 7 i= 7 

The standby configuration of the cycle charge mode is exactly the 

same as  the operational configuration, since there a r e  no additional 

iailure efiects in the eclipse season which adversely affect the opera-  
tionaI cycle charge mode. Hence, RCyM:% - - RCyM . 

b. One Battery Required 

The t w-o r e ma ining c o nf i gu r at ion s a r e  c on s ide 1" a bl y 

more  involved than those previously presented. This i s  to be expected, 

since with only one battery required fo r  mission success  a considerably 

higher degree of redundancy exists.  

ing the operational and standby configurations o i  the continuous charge 

mode a r e  given in Exhibits 8 and 9, respectively. 

divided into a number o€ cases  representing different conditions of the 

batteries and se r i e s  regulators.  

with the stated conditions, represent  all success€ul situations in  the 

The reliability diagrams represent-  

These diagrams a re  

The cases  shown in Exhibit 8, together 
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operational continuous charge mode configuration where one battery is 

sufficient. 1 The appropriate reliability expression is 

where 

4 4  2 2  
R1 = u13u14u22u~5u2u17u21u19~2 - u19)u20(2 - uZ0)u4u24 

i= 5 

11 11 

i= 5 i= 5 / 

4 4  2 
R3 = u13u14u22u25u2u17u21u19~2 - u19)u20'2 u20)u2u24 

u u  u u u  u u u  u u 
@ u 1 ' 3 n  i, 29 30 4 1 8  6n i 12 31 33 . .  

i= 5 i= 8 

'The superscr ipt  (1 )  is used throughout this subsection to indicate that 
only one battery is required. 
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For  the standby'configuration of Exhibit 9, the appropriate expres-  

sion i s  

RCOM:$ = [U2 23 R* 1 t 2(1 - U 23 )U 23 R"] 2 IU;5Ug7U:6 

where 

2 2  + u3*(l - uz9)]u18 
* u4u24u1u3u6u1 1 IU29 

* l 2  u1u3u6u11 [uZ9  ' u30(1 u29)1u18 1 

i=7 

u ~ u 3 u 6 u 1 1 u z ~ u 3 0 u 4 u 1 8 ~ 2  .. u1u3u6ullu29u30u4u1S) 
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10  

u1u3u6u11u29u30u4u18u5u12 u u  i 2 6  u 2 8  
i=7 

11 

i=8  

* u 6 7 4  u u  i 1 2  u 31 u 33 

.l. .Ir 

R l  = RgU3UqU24 

Having now derived a reliability equatio;. for each of the eight possible 

configurations, there  remains the problem. of combining these cxpres  - 
sions to  determine the overall  subsystem reliability. 

shows, the cycle charge mode is the normal  mode of operatian up to 

1 3 2 8  hours.  Thus,  

As Exhibit 1 

0 ~t r 1 3 2 8  

where PSS = Power Supply Subsystem 

t = t ime (hours) in equivalent mission duration 

For  the PSS to survive beyond the 1328  hours ,  the units contained 

in the standby continuous charge mode (COM::) configuration must  be op- 

erable  for  the f i r s t  1 3 2 8  hours  a s  well as those elements  contained in 

the operational. cycle charge mode. However, the two a r e  not indepen- 

dent; in fact, the COlvl:~ configuration contains essentially all elements 

found in the CYM configuration. Thus, 
c 

Again, for  the PSS to survive beyond 4592 hours,  the units contained 

in the standby cycle charge mode (GYM::) configuration must be oper-  

able during the eclipse season. However, these units a r e  essentially 
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all contained in the COM configuration. 

expression for the case  where two batteries a r e  assumed to be necessary 

is as follows: 

Thus, the entire PSS reliability 

If it is assumed that one operable battery is sufficient for subsystem 

operation, Equation ( 6 )  is identical to that  given above with the super- 
scr ipt  ( 2 )  replaced with the s~ipe?-script- !! ) to  demte  the different Isat- 

t e  ry  as  sumptions used. 

Calculations 

The failure r a t e s  associated with each unit have been given 

These were derived by simply counting each par t l fa i lure  

- .  4. 

in Exhibit 4. 

mode combination associa-ted with a unj.t and multiplying it by the fol- 

lowing set of failure ra tes :  

P a r t / F a i l u r e  Mode 

Res is tor  

Short 

0 pen 

Diode 

Failure Rate, 
x x 10-6 

0.230 

0.1 84 

0.046 

0.1 50 

0.01 5 

0.135 

Short 

Open 
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Par t /Fa i lu re  Mode 

Trans  is tor  

Short 

Open 0.1 50 

Capacitor 0.080 

Short  0.064 

Open 0,016 

( t ransformer,  coil, etc. ) 0.050 
Winding 

Short 0.01 0 

Open 0.040 

Re lay 0.2 00 

Contacts Short 0.1 00 

Coil Open 0.1 00 

Bat tery 1 24.000 

A summary of the failure rate computations is given in  Exhibit 10. 

Using these values in Equations (1)  through ( 5 )  results in numeri-  

cal values of the individual terms of the sys tem reliability expression 

given in Equation (6). These numerical. values are shown in the table 

below for various t ime durations of interest .  

T ime (Hours of Equivalent Mission Duration) 

6578 
1_1 

3264 
-1_1 

2672 - z 344 
II_ 

1328 
__I 

360 - 
0,81 0.45 

0.88 0.88 0.17 

'Battery failure ra te  is taken as one failure per  million hours per cell. 
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EXHIBIT  1 0  - UNIT F A I L U R E  R A T E  CALCULATIONS 

Unit  
Index, 

Uj  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
12 
13  
14 
15  
1 6  
17 
18 
19 
20 
21 
22 

. 23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

Part/Failure Mode  Quantities 

CR Q C T K Bat tery ----. R 

s o s o s o s o s o s o  A l l  

1 0  4 5 7  7 4  1 1 1  1 
9 5  6 1 3 1  1 1  

10 6 3 5  2 2 4  2 3  3 

- - - I _ - - - - - - - -  

2 
5 7  1 3  1 
3 1  3 1  

2 1 
2 2  4 1  

4 4  2 2  
2 2 4 4  1 1  1 
3 4  
2 1  
1 2 1 

1 4 1 1  1 2  1 
4 1  1 4 1  1 1  
6 7  2 1 5 3  

2 
4 2  1 2 

5 5 1 2  3 2  

2 1  

1 

1 

1 
2 

1 

17 2 0 3 5  9 9  1 1 1  
2 5 2 1  1 1  z 
2 
2 2  
2 2 . -  1 
2 4  2 1 1  2 

1 
1 

Failure R a t e ,  
xix 10- 6 

3.99 
2.85 
3.32, 
0.20 
2.1 8 
0.83 
0.37 
1.14 
1.52 
1.42 
0.87 
0.27 
0.56 
0.42 
1.44 
1.45 
2.92 
0.27 
0.98 
0.1 0 
2.1 8 
0.04 

24.00 
0.04 
0.08 
8.14 
1.60 
0.09 
0.46 
0.61 
1.52 
0.1 3 
0.04 
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Combining these individual terms in accordafice with Equation (6)  resul ts  

in numerical  values from the Power Supply Subsystem reliability as  a 

function of t ime. 

one- and two-battery assumptions. 

These values a r e  plotted in Exhibit 11 for both the 

Recommended Power Supply Subsystem Changes 

a. General  

- 5. 

The functional “syste,m-level” review of the OGO S-50 
Power Supply Subsystem reported in TAM No. 34-27 (Reference 1 )  r e -  

sulted in severa l  changes which PRC believes would increase the sub- . 
system reliability. The most  significant functional changes recozn- 

mended in TAM No. 34-27 a r e  a s  follows: 

(1 } 

1 

Provide s e r i e s  regulator cross-strapping r e -  

lays,  so that  a shorted s e r i e s  regulator can be removed by ground com- 

mand and additional failure switching can be performed. 

( 2 )  Revise the cycle mode cross-strapping pro- 

visions, so that only one cycle relay controls the charging of both bat- 

t e r i e s  when the charge buses a r e  connected. 

( 3 )  Provide the capability to override’ the dis-  

charge control re lays  by ground command. 

In this section, the predicted reliability of‘the Power Supply Sub- 

system, with a l l  th ree  recommended changes incorporated for the case 

‘Details of these recommended changes a r e  incl.uded in TAM No. 34-27. 

‘At the t ime TAM No, 34-27 was written, it was believed that the most  signif- 
icant discharge control consequence would be caused by the failure of the 
discharge control r e s e t  function to  deenergize the relays and cause the 
s e r i e s  regulators  to-be corrtinuously bypassed. Howevert subsequent 
correspondence f rom STL indicates that subsystem failure will a l so  
occur i f  the s e r i e s  regulators a r e  not bypassed during battery discharge. 
Therefore,  for this portion of this assessment ,  it is assum-ed that the 
capability to both s e t  and rese t  the discharge control relays by ground 
command is available. Alternate methods by which both of these features 
could be incorporated a r e  shown in Exhibits -1 2 
versions of the discharge control unit override 
mended in  Exhibits 1 OA and 1 OB, respectively, 

and 1 3 ,  which a r e  revised 
mechanizations re  c om- 
of TAM NO. 34-27. 
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Branch  
No. 1 

I i 
I 

KRese t  
--___. 

I 
KRese t  
--___. 

Branch  S e r i e s  
No. Z Regulator  

Additions outlined by dashed  l ines .  

B a r  above r e l ay  contacts  indicates  c losed  contacts  when 
re lay  i s  deenergized.  

N o  bar  above r e l ay  contacts  ind ica tes  c losed  contacts  
when r e l ay  is energized.  

One additional 4PDT re lay  and  one  additional command 
requ i r ed  for each  ove r r ide  function. 

Bus 

~~-~~~~ &v 

EXHIBIT 13 - RECOMMENDED METE-1OD O F  INTERRUPTING SERIES 
REGULATORS BYPASS OR MAKUALLY BYPASSING 
S E R E S  REGULATORS BY GROUND COMMAND 
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where one battery i s  required, is calculated fo r  comparison with the 

predicted reliability of the present configuration. 

It should be noted that a l l  of these recommended changes require 

the command capability since they involve failure switching. 

fore, the Power Supply Subsystem reliability will not be affected by 

these changes if the command capability has  failed. 

There - 

b. Effects of Recommended Changes on Reliability 
Prediction 

The effects of the recommended changes on the pre-  

vious reliability predictions a r e  discussed below. 

centered on the redundant battery situation (one battery required),  since 

this  assumption allows the greatest  latitude in  use of the available redun- 

dancies. The numerical  calculations a r e  not computed for  the increased 

reliability gains effected by the recommended changes fo r  the case where 

both bat ter ies  are required; however, PRC believes the reliability in- 

c r ease  for  this case  would also be significant, since recommendations 

( 1 )  and ( 2 )  a r e  aimed at ''saui11g'' the Laiieries, and recommendation ( 3 )  

directly affects the " se r i e s "  elements of a l l  reliability diagrams. 

The discussion i s  

(1)  Ser ies  Regulator Cross-Strapping 

The first recommended change permits  a s e r i e s  

regulator to be removed f rom the system whether i t  i s  shorted or open. 

This capability provides two advantages in the operational continuous 

charge mode in the event a se r i e s  regulator has  shorted ( o r  i f  one by- 

pass  re lay is shorted o r  continuously energized). F i r s t ,  the battery 

of the associated branch can be "saved" and charged to full capacity in 

the same manner  a s  i f  one se r i e s  regulator had opened. 

charge buses can L e  connected without limiting b d h  batteries to a n  

upper voltage of 34.1 volts. Thus, the charge control functions a re  

now redundant even though a series regulator is shorted, and either 

charge control function can be used to  control the charging of either 

o r  both bat ter ies .  

Second, the 

In the standby continuous charge mode, this added capability does 

not "buy" as much unless recommendation ( 2 )  is also incorporated. 
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Without the revised cycle mode configuration, even i f  a shorted s e r i e s  

regulator c.ould be removed, the charge buses would be connected, and 

one battery would remain on continuous charge at approximately 36 to 

37 volts through the deenergized contacts of its cycle relay.  For this 

condition, it is assumed that the battery on continuous charge for the 

duration of the cycle mode would fail. 

(2 )  Revised Cycle Mode Cross-Strapping 

This  change will have no effect on subsystem 

reliability in the operational continuous charge mode, since it only 

affects  the cycle re lay function. Elowever, in the standby continuous 

charge mode the charging of both batteries could be placed under the 

control of a single cycle re lay without causing one of the batteries to 

remain on continuous charge and fail. 

tions that could cause battery fai lure ,  the cycle relay controls, and 

the charge bus regulation €xnction during battery float a r e  redundant, 

and either charge control/cycle relay combination can be used to  regu- 

!ate t h e  connected charge buses and to control the charging frequency 

of both o r  e i ther  of the batteries.  

Thus, the charge control func- 

. Again, it i s  emphasized that the charge buses can be connected, 

thereby making the charge control /cycle re lay filnctions redundant if a 

s e r i e s  regulator is  shorted only if  recommendation (1) is also incor- 

porated. Howeves, i f  both se r i e s  regulators a r e  operational, or i f  one 

is operational and one is open, recomniendation ( 2 )  alone will provide 

this capability. 

(3) Ground-Commanded Discharge Control Override 

This change will permit  the discharge control 

re lays  to be ei ther  skt (bypassing the s e r i e s  regulators) o r  r e s e t  ( in- 

sert ing the s e r i e s  regulators) by ground command. Thus, ground 

command can circumvent failures in the cur ren t  direction monitors, 

discharge control set ,  load bus monitor, and discharge control r e se t  

functions in which the discharge control relays a r e  incorrectly set  or 

rese t .  

the s e r i e s  (reliabil i ty-wise) elements of both the operational. continuous 

charge and the standby continuous charge mode .  
57 
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C .  Calculations 

Exhibits 14 and 15  show the reliability diagrams of the 

Power  Supply Subsystem with the recommended changes included for  the 

continuous charge mode fo r  the case  where one battery is required. This 

is the only configuration analyzed, since no significant mission effects 

would be noted in the cycle charge mode. 

The f i r s t  of the recommended changes *essentially makes the s e r i e s  

The only exception would be the situa- regulators completely redundant. 

tion where one se r i e s  regulator is shorted and the other is open. 

calculations of the previous design, however, showed the probability of 

this event t o  be negligible. Hence, this case is omitted from the rel ia-  

bility diagram. 

The various t e r m s  of the power supply reliability expression 

given in Equation (6 )  a r e  listed in the table on page 61 f o r  the t ime 

periods of interest .  

The 

Expressions for the COM and COM:: t e r m s  a r e  

11 

* k l u 3  'i b 2 9  + u30(1 - '.29)1] 
i= 5 

11 
- u20'u24u1u3 u u  u u i 29 30 4 

i= 5 

58 





6 0  



4 4 2  . 2 2  
u13u14u25u20(2 - u20)u4u24u1u3u6u1 1 

- 
RCOM:$ - 'i3 ( 

u u u u  u u u ' u24 1 3 h 1 1  7,9 30 4 

where again the U . ' s  

and the time notation has been uniformly suppressed. 

represent  the reliabil i t ies of the respective units 
1 

* 

Time (Hours of Equivalent Mission I_ Duration) 

- 360 1328 1344 2672 3264 6578 

0.98 0.96 c 0 Id ) 

RC 0 M :k f 1 0.99 0.99 0.98 

RC Y dt) 1 .oo 0.99 0.99 
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A curve of power supply reliability versus time is given for  this 
recommended configuration in Exhibit 11. 
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APPENDIX A 

SOLAR ARRAY REQUIREMENTS AND BATTERY 
DEPTH O F  DISCHARGE 

1. Solar A r r a y  Requirements 

a. General 

An exact calculation of the required solar  a r r a y  cur -  

rent requirements depends on numerous interdependent parameters  of 

the OCO Power Supply Subsystem equipment. 

as  follows: 

Examples of these a r e  

(1.) Solar Ar ray  Character is t ics  

The precise  output of the a r r a y  is a function of 

cel l  degradation, number and distribution of cell  fa i lures ,  temperature,  

sun incidence angle, and the operating voltage of the various sections 

(the controlled sections operate a t  battery voitage whereas the "uncon- 

trolled" sections operate at the limited load bus voltage). 

( 2 )  Battery Character is t ics  

The battery available capacity, current-voltage 

relation, depth of discharge, and charge efficiency a r e  functions of the 

load requirements,  battery temperature,  battery age,  depth of discharge 

history, charge and discharge cur ren t  ra tes ,  upper charge voltage limit, 

number and frequency of discharge/charge cycles, and number of bat- 

te r ie s available * 

(3) Solar Ar ray  Regulation 

a- 
The maximum curren t  available for  battery r e -  

charge and the upper voltage limit a r e  affected by the efficiency and ac -  

curacy of the shunt regulators and charge control unit. 

(4) Load Current  Requirement 

Since the total 1oa.d is composed of a diverse  

mix of "constant power" and "constant current"  devices, the required 

load cur ren t  is not a direct  function of load bus voltage. 
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As sumgtions 
____I 

b. 

Many of the relations cited in the examples above have 

not been precisely determined; however, even i f  they were  available, 

inclusion of all interrelated parameters  would involve a program which 

is beyond the scope and accuracy requirements of this assessment .  

Therefore,  for the purpose of calculating a f i rs t -order  approximation 

of the minimum solar  a r r a y  current  required to supply the load de- 

mand and fully recharge the battery during a single sunlight interval 

following an  eclipse, the following simplifying assumptions a r e  made: 

(1 ) g a r  Ar ray  Output )II 

. (a} The total solar  a r r a y  output current  capa- 

bility is a deterministic quantity and dim: {shes onby as a function of 

t ime in orbit, but i s  constant during any sunlight period. 

capability of the so la r  a r r a y  is treated in  Appendix B. The individual 

a r r a y  section configuration,' probabilistic cell €a,ilures, and radiation 

degradation a r e  accounted for. 

The output 

jbj The toiai  solar a r r a y  Lurrerii is avdila'uie 

the uncontrolled for both load requirements and battery recharge (i. e. 

sections do not supply the total load requirement and a r e  not regulated 

by the load bus l imiter  €w.nctionf. 

(a) The battery voltage profile is a function 

of discharge and charge times only. The voltage profile used and illus- 

t ra ted in Exhibit A-28  was derived directly f rom F i p r e  8, Revision A, 
P 

Reference 3 (which assumed a discharge current o f  4 amperes ,  and a 

charge cur ren t  l imit  of 5 amperes) .  
2. 

(b) The battery voltage profile is as shown 

in Exhibit A-2E f o r  one or two batteries.  

(c )  The battery charge efficiency, q ,  i s  

constant and equals 0.92 (Reference 4). 

1 Each uncontrolled section contains eight parallel stria-igs of six rnodnlcs 
each; each controlled section contains seven parallel  s t r ings of seven 
modules each. 
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(d)  The battery charge cur ren t  can remain a t  

the commanded value for  the duration of the sunlight period, ra ther  than 

decrease a s  the battery upper voltage is reached. 

(3) Solar Array  Regulation 

The shunt regulators will maintain the battery 

charge cur ren t  at the commanded value a s  long a s  the a r r a y  output i s  

sufficient to provide both the load requirement and the charge current .  

If this condition cannot be met,  the charge cur ren t  will be equal to the 

a r r a y  cur ren t  l e s s  the load current.  

(4) Load Current Requireiments 

( a )  The load current  requirements for eclipse 

operation, eclipse turnt  sunlight operation, andnoon turn  a s  a function 

of load bus voltage were  derived f rom STL engineering sketch, P o w e r  

Data- -POGO-OGO (Reference 5) ,  by dividing the power requirement 

for each condition by the corresponding voltage level. 

power levels given in this sketch a r e  a l s o  assumed to be the Load 

power requirements fo r  the operating periods considered. 

ant cur ren t  demand curves a r e  plotted in Exhibit A-1. 

The average 

The resul t -  

(b)  The load bus voltage i s  limited a t  31.5 

volts e 

( c )  The assumed sequence of events during 

a n  orbit  is a s  shown in Exhibit A-2A (taken from Reference 6).  

(d) The load current  profile during an orbit 

derived in Exhibit A-2C is representative of a l l  orbi ts  during the 

eclipse season. 1 

(e)  The load current  demand €or each turn  

during extended s7nlight orbits is the same a s  that during the eclipse 

season noon turn.  

( f )  When both batteries a r e  available, they 

share  the load equally. 

1 Although this assumption leads to slightly erroneous resul ts  for shor t  
eclipse orbits,  valid resul ts  a r e  obtained fo r  the Longer eclipse duration 
orbits,  which produce the most  demanding array currerrt requirements. 
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EXHIBIT A-2 (Continued) 

Notes: IEl 

IE2 

= Load cur ren t  with battery voltage a t  first discharge 

plateau = 7.6 A 

= Load cur ren t  with battery voltage a t  second discharge 

plateau = 8.3 A 
- 

= Average load current  during eclipse txrn = 11.05 A 

= Load cur ren t  during normal  sunlight operation with 

battery voltage a t  second discharge plateau = 7.9  A 

= Load cur ren t  during normal  sunlight operation with 

IET 

IN1 

IN2 
load bus limited a t  31.5 y r o l t s  = 7.54 A 

= Load cur ren t  during noon turn  with load bus limited INT 

tT 

t? 

t2 

t3 

a t  31.5 volts = 10.95 A 

= Turn t ime = 10  minutes 

= Integrated dark time af ter  eclipse turn  = 6.5 minutes 

= Time during discharge battery voltage remains a t  

31.5 volts = 18 minutes 

= Time during discharge fo r  battery voltage to decay 

f rom 31.5 to 25 volts = 7 minutes 

= Time during charge for load bus to reach 31.5 volt 

limit = 11 minutes 

T = Orbital period = 96.5 minutes 
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(5)  General  

( a )  The solar  a r r a y  continues to face the sun 

during the noon turn, and the load bus rema,ins l imited a t  31.5 volts. 

(b)  The voltage drop a c r o s s  diodes CR106 and 

CR206 is 0.7 volts. 

( c )  The integrated dark  t ime during al l  eclipse 

turns  is 6.5 minutes ( a s  given in Reference 7) .  

(d )  

( e )  

The orbital period i s  96.5 minutes. 

The maximum eclipse duration i s  36 

minute s .  

( f )  Time required for e i ther  an  eclipse turn 

o r  noon tu rn  is 10 minutes. 

C .  Methodology- -Solar Array 

The basic condition that must be satisfied to  de te r -  

mine the minimum solar a r r a y  cur ren t  required to  fully recharge the 

batteries is expressed by the following equation: 

where C = the total charge in ampere  hours  

D = the total discharge in ampere  hours  

r\ = the battery charge efficiency 

That is, the total charge withdrawn f rom the battery during discharge 

(even i f  the discharge occurs  because the load cur ren t  is grea te r  than 

the a r r a y  cu r ren t  during portions of the sunlight period) must  be r e -  

placed during the available charge period. 

To determine the amount of charge withdrawn f rom the bat ter ies  

as a function of eclipse duration, the load cur ren t  requirement as a 

function of load voltage was calculated from the data of STL's Power 

Data--POGO-OGO (Reference 5) and plotted a s  Exhibit A-1. 

the battery voltage profile a s  a function of the t ime during the orbit  was 

taken from prel iminary engineering data for design review (Reference 

3), as shotvmz in Exhibit A-ZB. 

Secondly, 

Then, for each inflection point of the 
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battery/load bus voltage profile, the corresponding load cur ren t  was 

taken f r o m  Exhibit A-1 to form the load current  profile of Exhibit A-ZC. 

Once this demand cur ren t  profile was formulated, it was a straight- 

forward ma t t e r  to  calculate the required a r r a y  cur ren t  to  satisfy 

Equation (1) 

commanded maximum charge current.  

a r e  included in the next section. 

1 for any value of eclipse duration and for any value of 

The details  of the calculations 

d. 

(1 ) Assumptions 

(a) Load current  requirements of Exhibit 

A - l  derived f rom Reference 5. 
Battery voltage profile shown in Exhibit 

A-2B derived f rom Figure 8, Revision 

A, of Reference 3 .  

Load current  profile shown in Exhibit A-2C 

representative of all orbi ts  during eclipse 

seas  on, 

Load cur ren t  fo r  both turns  during continu- 

ous sunlight orbit same as f o r  noon turn. 

No dark t ime during noon turn. 

Integrated dark  t ime during al l  eclipse 

turns  obtained froxn Reference 7 is ap- 

proximately 6.5 minute s . 

(b)  

(c)  

(d)  

( e )  

( f )  

( g )  Battery charge efficiency, 'q= 0.92 
(hj Qrbital period, T = 96.5 minutes. 

(i) Maximum eclipse duration, tE = 36 minutes. 

(29 Calculations 

(4 r a t e  - 
[ l ]  ISA 5 10.95 (bat ter ies  discharge 

during turns) 

'Both C and I> in. Equation (1 ) are a function of the eclipse time, and 
both can be a function of the array current  i f  the array curren t  is not 
always grea te r  than the load dernand plus the corn.rnanded charge rate.  
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La] tE = 0 (continuous sunlight) 

Total discharge,  D = (I 

Available charge,  

- I )(2 tT) = 219 - 20 ISA amp-min. NT SA 
- I )(T - 2 t ) = 76.51SA - 577 amp-min. '52 =('SA N2 T 

1 
C52 = 7 D  

76.51sA - 577 = - [ 219 - 201SA]= 238 - 21.7 ISA 0.92 

= 8.3 amps 'SA( min) 

[b] O < t E  S t  = 10.95) 

= 7.6tE t 220 - 13,51sA amp-min. 

F = (.54tE - 577.6 + (76.5 - tE )XSA amp-min. 

7.54tE - 577.6 t (76.5 - tE)IsA= o.9z [7,6tE t 220 - 13.51sA 

(91.2 tE)IsA = 817 t 0.72tE 

[ Z ]  11.05 5 Isn 5 IN2 t 1 0  = 17.54 

[a] 15.5<tE 18 

= lEl(tE) "ET ' tD 

= 7.6t E t 71.8 amp-min. 
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= 7.6t t 71.8 J- 0.05(tE - 18)2 amp-mine E 

CSz = Same as d(2)(a)[Z][a] = 7.54tE - 726  I- (90 - tE)IsA amp-mine 

c 
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[ c ]  25 I=tE 5 3 6  

1 )(t 1 + IEz(tE - ti  - t z )  + IET ( t  D 1 1 
= IEl t t l )  Z(IE1 t E2 2 

= 8.3t t 56.8 amp-min. E 

CEjZ = Same a s  d(Z)(a)[Z] [a] = 7.54t - 726 t (90 - tE)IsA amp-min. E 

7.54tE - 726 t ( 9 0  - tE)IsA = - 1 [8.3tE t 56.81 0.92 

( 9 0  - tE)IsA = 788 t 1.48tE 

(b)  =o Batteries,  1-Ampere Charge Rate 

[ l ]  IsA 5 10.95 (bat ter ies  discharge 

during turns)  

Ea3 tE = 0 (continuous sunlight) 

D = 2(INT - IsA)(tT) = 219 .. 2 0 1 ~ ~  amp-min. 

= 76.51sA - 576.8 
s. 

1 76.51sA - 576.8 = - 0.92 219 - ZOI,], ISA = 8.3 amps 

[bl 0 <tE t(IsA = 10.95) 
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D = Same as d(2)(a)[l][b] = 7.6tE t 220 - 13.51sA amp-min. 

1 
c12 = Z('ISA - IN1 - lNz)(tD ' t3 - tT) + ('SA 1pJ2)(T - tE - tD - t3 - t ~ )  

= 7.54tE - 578.3 t (76.5 - tE)Isn amp-min. 

[7.6tE t 220 - 13.51 (76.5 - tE)IsA = 0e9z ] SA 7.54tE - 578.3 

(91.2 - tE)IsA = 817 f 0 . 7 2 ' ~ ~  

ISA = 9.54, t = 5.6 min. E 

'SA 
= 8.45 amps tE = 04- , 

[ii] 9.9 5 ISA 2 10.95 amps 

D = Same as d(Z)(z) [ l ]  [b] = 7.6t, -t 220 - 13.5ISA amp-min. 
l!.4 

C12 = 2(T - tE - 2 5 )  = 153 - 2tE amp-min. 

1 1 
0.92 153 - 2tE = - [ 7 6 t E  t 200 - 1 3 . 5 1 ~ ~  

10,2Qt,  = 14.71sA - 83 c 

ISA = 10.95 , tE = 7.5 min. 

[ c ]  11.05 2 ISA SINT 4- 2 = 12.95 

7.5 tE 5 t E( rnax.) 

D = S a k e  as d(2)(a.) [Z][a] = 7,6t 4 71.8 amp-min, E 
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= 4.8 - 2t t 13.51sA E 

4.8 - 2t t 1 3 . 5 1 ~ ~  = - 1 17.6tE t 71.81 E 0.92 

10.26t = 13.51sA - 73.2 E 

= 12.95, tE = 9.8 'SA 

2tE Max charge C12 = 2(T - tE - tD) = 180 - 

- - 1 [7.6tE t 71.81 0.92 180 - 2tE - 

= 10.0 %(max) 

( c )  One Bat tery,  5-Ampere Charge  Rate 

[l] Is* 10.95 (battery discharges 

dur Ing turns  1 

[a] tE = 0 (continuous sunlight) 

Same as  d(Z)(a) 

ISA = 8.3 amps 

(IsA = 10.95) [b] O < t E  5 t 

Same as  d(2)(a)[2] 

[2]  11.05 - < I S h  2 IN2 3- 5 = 12.54 

Same as  d(2)(a) 
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fb] 18 2 t E  5 2 5  

Same as d(2)(a)f2] 

ISA = 12.54tE = 24.5 min. 

D = Same as  d(2)(a)[2] = 8.3tE 3. 56.8 amp-min. 

5(T - tE - tD) = 450 - 5tE, for  IS*' 216.05 5 1 ( max)= 

450 - 5tE = - 1 [8.3t -I- 56.81 0.92 E 

t, = 27.7 L,Cmaxj 

[b] 25 I tE 227.7 

= 234 - 5t t 13.51sA E 

234 - 5t E t 13.51sA = - 0.92 1 I&3tE - 56.83 

13.5fSA = 14.02tE - 172 ." 
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e. Depth of Discharge 

( 1 ) A s  sumptions 

(a) 'SA 21 required fo r  full battery recharge 

in one sunlight period, 

No dark time during noon turn. 

Integrated dark t ime during - a,ll eclipse 

turns ,  tD = 6.5 minutes. 

Average load cur ren t  during eclipse turn,  

(b)  

( c )  

(d) 
= 11.05 amperes .  'ET 

( e )  Battery voltage and current  profiles a s  

shown in Exhibit A-2 f o r  a l l  cordigurations 

(i .e. ,  one or two batteries and I ,  5, o r  

10 ampere charge rate commanded, as  

r e  quire d ) . 
( f )  Maximum eclipse duration, t = 36 

EM minutes . 
(2)  

{a)  O < t E  5 18 
1 D 1 = -[7,btE 60 i- 71.8 1 amp-hours; D 2 = - 2 D 1 '  1 

(b) 18 s t E  5 2 5  
2 D 1 = -  60 [ 7.6tE+.,05ft  E - 1.8) b71.81 

( c )  25 < t E  5.36 
1 D 1 = -  60 ' [8.3tE + 56.8]arnp-hours; D2 = F D ~  . 
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f .  Results 

The resul ts  of the calculations a r e  presented in  Ex- 

hibit A-3, which shows both the mi-nimum a r r a y  cur ren t  requirement 

to hl1y recharge the batteries as a function. of eclipse duration for  any 

power supply status, and the maxiixum eclipse duration that can be 

tolerated for a given battery charge current  limit. 

clusions are evident from Exhibit A - 3 :  

(1) 

The following con- 

When the charge current  i s  limited to 1 ampere ,  

the bat ter ies  can be recharged only if the eclipse i s  l ess  than 1 0  minutes. 

For  longer eclipses,  the 5-a.mpere charge rate  i s  required. 

(2 )  When one bsfztery has €ailed, the 5-ampere 

charge ra te  provides suxficient rechas g e  capability only fo r  eclipse 

durations of l e s s  than 27.7 minutes. T i ,  3, fo r  Longer eclipses when 

one battery is failed, the 10-ampere charge rate  i s  required. 

( 3 )  For  the normal operating case  (i. e.  where the 

5-ampere charge rate  is commanded with both batteries available, and 

the 1 0-ampere charge ra te  i s  commanded vJith one battery failed), the 

minimum a r r a y  current  requirement for a 36-minute eclipse duration 

is 15.3 amperes ,  

(4) IkFing the extended sunlight period, the mini- 

mum a r r a y  cur ren t  requirements is 8.3 amperes .  

2. 

a. Genera 1 Niethodo&qy and A s  - surnptions 

The battery depth of discharge is a function of the 

same interacting battery character is t ics  and load curreEt demands a s  

previously discus sed f o r  determining the solar  a r r a y  current  require-  

ments. 

previous section were followed in computing the depth of discharge 
1 a s  a function of eclipse duration. For brevity, these assumptions a r e  

Thus, the battery and load current  assumptions l is ted in the 

'It should be noted that the previously cited zssumptions state that the 
voltage profile i s  the same for either the one o r  two battery case ;  thus, 
the depth of discharge fo r  a single battery is precisely twice that for 
each battery when both a r e  available to share the load. 
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not repeated here .  In addition, t o  simplify the calculations, it was a s -  

e a r r a y  cur ren t  during sunlight is always grea te r  than the 

emand (i. e., the batteries discharge only during the eclipse 

and the first 6.5 minutes of the eclipse turno but not during any of the 

ensuing sunlight t ime) .  

In essence,  the charge supplied by the batteries or battery is the 

t ime integral  of the discharge current  shovrcli i n  Exhibit A-2C during the 

total dark  t h e .  

of discharge a r e  identical to those used to  calculate the I'D1' t e r m  of 

Thus, the equations fo r  calculating the battery depth 

1 . The details  for  the calculations a r e  included in 1. d. (2 )  

of this appendix. 

b' Re sult s 

The resu l t s  of the calculations a r e  presented in Ex- 

hibit A-4, vzhich shows the battery depth of discharge a s . a  function of 

eclipse duration. 

With both bat ter ies  available to supply the load, the maximuiri 

discharge is apTroxii-nately 3 am-pere 'hcurs a Thcs, the maxiix~rr, 

depth of discharge will only reach 25  to 30 percent, depending on the 

available capacity of the batteries.  

On the other hand, with one battery failed, the maxiniuni discharge 

is twice a s  grea t ,  o r  approximately 5.9 ampere hours. 

calculation is considered conservative, since it was assumed that the 

This discharge 

voltage proGle of a single battery would be the same a s  that shown in 

Exhibit A-2B €or the two-battery case,  even though the load cur ren t  

demand would be twice as  high. 

culation will produce a depth of discharge of 50 to 60 percent--again 

depending 01% the available battery capacity. Without t e s t  data to  prove 

that a bat tery will not fail when subjected to repeated discharges of 50 

to  60 percenc, it is imprudent to  believe that a single battery will survive 

However, even this conservative cal- 

I 

se season if the other battery has failed. Therefore,  it 

'Recall it is assumed that the batteries discharge only during the dark 
t ime and not  during any of the high chrrent  demand t imes of the sunlight 
period. 
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Depth of Discharge (ampere-hours) 
c- a m * m ru d 
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is PRC's  contention that there  is a significant.lil.;el.ihood that the bat- 

t e r i e s  a r e  not truly redundant and that both batteries are reqzired for 

mission success  during the eclipse season. 
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APPENDIX B 

SOLAR ARRAY CAPABILITY 

1, General  

The solar  a r r a y  as presently configured i s  not expected to 

provide the cur ren t  necessary for  full operation of the spacecraft  and ex- 

per iments  for  a full year.  

the solar  cells due to solar  protons and the products of the Starfish nu- 

c lear  test ,  

This situation is the resu l t  of the radiationto 

Two analyses of the expected lifetime of the a r r a y  have been pre-  

pared by STL for  severa l  proposed configurations (References 4 and 6 ) .  
Neither of these,  however, is directly applicable to the present  a r r a y  

configuration o r  the a r r a y  output requirements as determined by PRC. 

F o r  these reasons ,  an  analysis has  been conducted, using the radiation 

fluxes and damage curves derived by STL, for the present  a r r a y  config- 

uration and the output requirements determined by PRC. 

2. Ar ray  Output Determination 

The radiation fluxes used by STL in their  analyses a r e  con- 

sistent with the conclusions reached by most  investigators. The damage 

curves w e r e  obtained under NASA contracts and a r e  adequately substan- 

tiated in  References 8 to 10. 0 An a r r a y  temperature  of 70 C i s  assumed. 

A s  determined in  Appendix A, the total a r r a y  output requirement 

i s  15.3 amperes  during battery charging periods, 

The degradation factors  used for this computation a r e  as follows: 

Electron flux = 8.9 x l o J 3  equivalent 1-Mev electrons/ 
flat cm2 -year 

Proton flux = 1.1 x equivalent 1-Mev electrons/  
flat cmL-year 

Cover glass  and adhesive t ransmission loss (initial- 
constant) = 6 percent 

Transmission loss  f rom radiation (l inear) = 2 percent 

Transmission loss  f r o m  UV radiation (l inear) = 1 percent 
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Random cell  fa i lures  and micrometeori te  damage ( l inear)  = 
5 percent  

Solar intensity variation {ear th  at aphelion-constant) = 
3.5 percent  

The operating voltage points used for  the solar  a r r a y  sections a r e  

as follows: 

Controlled sections = 37.5 volts 

Uncontrolled sections = 33.5 volts 

The cel l  voltages corresponding to these conditions are 

Controlled sections = 37.5/112 = 0.335 volts 

Uncontrolled sections = 33.5/96 = 0.349 volts 

new cells and for  cel ls  radiated with lOI4 1 -MeV electrons per  square 

centimeter a r e  

The cel l  cu r ren t  capability at these operating volrage points for 

Controlled Sections 

Cell cur ren t  (new-bare) = 62.5 ma 

Cell cur ren t  {radiated-bare) = 57 ma 

U r i c o ~ ~ i r o l l e  d S e  ct iui is  

Cell cur ren t  (new-bare) = 61 ma 

Cel l  cur ren t  (radiated-bare) = 54 ma 

A r r a y  section cur ren ts  corresponding to the speqified operating 

conditions for two paddles a r e  

Controlled Sections 
-3  Section cur ren t  (new-bare) = 62.5 x 10 x 49 x 4 = 

12-44 amp 

Section cur ren t  (radiated-bare} = 57 x 1 0  x 49 x 4 = 
11.16 amp 

Uncontrolled Sections 

Scctlon cur ren t  (new-bare) = 61 x lom3 x 56 x 2 = 
6,82 amp 

Section cur ren t  (ra-diated-bare) = 54 x l o e 3  x 56 x 2 = 
6.04 amp 

-3 

By degrading the cur ren ts  derived by the appropriate fac tors  for the new 

and the 1 -year-ofd conditions, the expected a r r a y  cur ren t  capability can 

be determined at those points i n  time. I For a new a r r a y ,  the applicable 

initial degradation factors  a r e  the cover glass  and aclhe sive t ransmission 
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loss of 6 percent,  and the solar intensity variation of 3.5 percent,  yield- 

ing a total degradation of 9.5 percent. 

imum value of the remaining l inear degradation factors  i s  applicable, i n  

addition to those applied to a new a r ray ,  yielding a total  degradation fac- 

to r  of 17.5 percent. 

For a 1- year-old a r r a y ,  the max- 

The section cur ren ts  can be determined as follows: 

Controlled section (new) = 12.44 x 0.905 = 11.26 amp 

Controlled section (after 1 year)  = 11.6 x 0.825 = 9.21 amp 

Uncontrolled section (new) = 6.82 x 0.905 ' =  6.17 amp  

Uncontrolled section (after 1 year)  = 6.04 x 0.825 = 4.98 amp 

The total a r r a y  cur ren t  then i s  

Ar ray  cu r ren t  (new) = 11.26 + 6.17 = 17.43 amp  

Ar ray  cur ren t  (after 1 year)  = 9.21 4- 4.98 = 14.19 amp 

Exhibit B-1 shows a curve  of a r r a y  cur ren t  versus  time. On the basis  

of these values of a r r a y  cur ren t  capability, the array could supply the 

cur ren t  necessary  for  spacecraft  and full experiment operation for 215 

days, and for spacecraft  and half experiment operation for approximately 
385 days, The la t ter  condition could be accornpl.ished by operating the 

experiments on a duty cycle basis  for the las t  5 months of the mission.. 

3. Additional Considera.tions 

The a r r a y  cur ren t  distribution of the preceding paragraphs 

i s  an  approximation based on severa l  assumptions. 

tu re  of 70 

of the t ime that the a r r a y  is  in  sunlight, J u s t  af ter  eclipse, however, 

the a r r a y  temperature  r i s e s  f rom approximately 10 C to 70 C in  ap-  

proximately 24 minutes. During this period, the current-voltage char - 
ac ter i s t ic  of the solar  cel l  shifts f rom lower cu r ren t  at higher voltage 

to  higher cu r ren t  at lower voltage, as shown in  Exhibit B-2. This r e -  

sults in a slightly pessimist ic  overall  effect, owing to the assumptions 

of 7OoC, since the battery voltage at the beginning of the charge period 

i s  approximately 25 volts instead of approaching 37.4  volts ( s ee  Exhibit 

2 i n  Reference 1). 

The a r r a y  tempera-  

C assumed for the calculations is  very  close for the majority 0 

0 0 

In addition to the temperature  factor, some experimenters  think 

that the low-altitude art if icial  eleciron belt injected by Starfish is 
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somewhat less intense than indicated by the STL reference ( see  Refer- 

ence 12). If this is t rue ,  this factor would also cause the resul ts  of this 

analysis  to be slightly pessimistic.  

This may be offset, however; STL has  stated (Reference 6) that 

some of their  more  recent data indicates that the t ransmission loss of 

cover g lass  and adhesive f rom particle radiation may reach 11 percent 

r a the r  than the 2 percent used here ,  and that the uncertainty in solar in- 

tensity may be 2 percent ra ther  than none. At  the same time, the new 

data indicates an initial transmission loss, owing to the cover glass and 

adhesive, of 2 percent instead of the 6 percent used, 

would resul t  in  an  optimism of the present  resul ts  at the end of 1 year.  

The new data, however, i s  based on a few data points i n d  is not yet con- 

s idered statist ically sound, 

These factors 

The overal l  effect of these considerations, then, i s  that there  i s  a 

possibility that the present  estimate of the solar a r r a y  i s  slightly pessi-  

mistic.  

might in fact  be j u s t  capable of supporting the spacecraft  and the fu l l  ex- 

per iment  load for a full year ,  so  long as  the r e s t  of the power supply con- 

tinues to operate in  an efficient fashion. 

In this event i t  i s  improbable but not impossible that the a r r a y  
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TECHNICAL ADVISEMENT MEMORANDUM NO. 34-30 

To: Assis tant  060 Projec t  Mana 

From: PRC O W  Reliability 

Subject: POGO Experiment  Pr er  Assessment  

1. 

This Technical Advisement Memorandum (TAM) reviews the 

proposed design. of the POGO experiment programmer  and evaluates its 

implications on spacecraf t  and mission reliability. Converter 10, which 

powers the experiment p rogrammer ,  is considered separately here ,  and 

the experiment programmer  is' considered as including only those circuits 

shown on STL Drawing EG214499. 

re lays  required,  but not shown on EG214499, are  included in the analysis. 

However, the five additional latching 

2. P r o g r a m m e r  Operation 

The experiment programmer  can be viewed (Exhibit 1 )  as a 

black box requiring -1-16, t-9, and - 6  volts f rom converter 10 to  power the 

digital modules, and 1-28 volts f rom the t 28 volt bus for  powering the latch- 

ing relay and for  switching a t  various duty cycles to  selected experiments. 

According to  the Specification for  an Experiment Programme 1- Assem- 

bly for  the S-50 Spacecraft ,  the inputs required to controlthis t 2 8  volts 

with avar iab le  duty cycle are  the 0.01 -pps signal f r o m  the low-frequency 

timing assembly (LFTA) and three  command lines f rom the command 

distribution unit (CDU). 

at most,  five different experiments via latching relays , each of which 

has  been placed in  s e r i e s  with the normal  power control relay. 

simplicity, the latching relays a r e  shown in Exhibit 1 as simple switches 

with no coils. 

The variable duty cycle t 2 8  volts can then go to, 

F o r  

In S T L  Drawing EG214499 (Exhibit 2, based on EG214499), the por- 

tion of the experiment programmer  called the four-stage counter counts 

the number of 0.01-pps input signals through 16 (binary 0 through binary 
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t 2 8 v  (Variable 
Duty Cycle) 1 I 

r-- - - - - ----I 

Converter 

0.01 pps From L.FTA 

Experiment 
Pr og rain rn e r 
(Detailed in 

Exhibit 2) 

EXHIBIT 1 - FUNCTIONAL DIAGRAM, POGO EXPERIMENT' 
PROGRAMMER AND ASSOCIATED ClRCUITS 

To Five 
Selected 

Ex pe r im erit s 
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15), and then s t a r t s  over again. 

onds, E for.200, F for  400, and G for 800. 

This causes  D t o  be t rue  for  100 sec-  

F r o m  combinations of these signals in conjunction with AND gates, 

the duty cycle gating ( see  Exhibit 2) der ives  four different duty cycles 

and one continuously On signal. 

by the signals A, B, and C, and their  complements, generated in the 

command buffer. 

dependent upon the command sys tem (including the CDU),  as indicated 

in Exhibits 1 and 2. Of the eight possible combinations available with 

these signals, five are used to  apply power as described above, and 

three  a r e  used to  completely remove the t 2 8  volts that can be applied to 

the high-power experiments via the experiment programmer.  

The particular combination i s  selected 

The logical states of these signals are completely 

The 8-ms monostable multivibrator mere ly  provides a delay in 

the 0.01 -pps signal. coming from the low-frequency timing unit via the 

buffer, which buffers this signal f o r  use h e r e  and in the four-stage 

counter. The remainder of the programmer ,  excluding the oiie relay 

which i s  a magnetic latching type, provides the logic for driving one o r  

the other of the latching relay coils (as determined by the previously 

described logic) 8 ms af ter  the 0.01-pps signal occurs .  

Thus, at the line indicated t28v (variable duty cycle) in Exhibits 

1 and 2, t 2 8  volts either exis ts  continually for  some fixed duty cycle 

(changeable by command), o r  not at all. As the experiment program- 

m e r ,  converter 10 ,  and the five latching relays {variable duty--On o r  

Off) in  Exhibit 1 are presently configured, cer ta in  failure effects may 

thus present  themselves at the power input to one o r  more  of the high- 

powered experiments. 

3 .  Fai lure  Effects 

a. General  

These effects can be most  easily explained by f i r s tcon-  

sidering the failure effects present  a t  the output 01 the programmer.  If 

one o r  more  of the component par t s  in the programmer  fails, the output 

can either be a continuous t 28 volts, a continuous open circuit ,  o r  a periodic 
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+28 volts with an incorrect  duty cycle. (It is assumed that any failure of 

the converterwould resul t  in one o r  the other of the f i r s t  two effects.) 

The  first two fai lure  effects a r e  both normal  operating modes; that i s ,  i f  

the p rogrammer  had been commanded to  the continuously On mode, and 

a failure occurred  that resulted in a continuously On effect, such a fail- 

u r e  would be unnoticeable until another proper operating mode was 

commanded. 

To a r r i v e  at a mathematical  model for  accurately predicting the 

reliability, a failure analysis was  performed which considered both the 

specific effect of a failure and the overall  effect on mission operation. 

The resu l t s  of the analysis a r e  tabulated in Exhibit 4 in  order of the 
crit icali ty of the i r  effects. Group 1 fai lures  cause loss  of experiments, 

group 2 fa i lures  cause a l te red  duty cycles,  and group 3 failures have no 

effect. 

In arr iving at the data presented in Exhibit 4, single component 

fa i lures  in  each circui t  element were  examined to determine i f  they 

caused that element to €ail t rue  o r  false, 

w e r e  considered separately,  since this causes a different kind of loss  

by means  of a change in the logic output of that gate. 

utilized in  the analysis a r e  presented in Exhibit 3 ,  

Open input diodes in gates 

The assumptions 

Analysis of the experiment programmer  revealed that failure ef- 

fec ts  could be grouped into five specific categories: 

(I) 
( 2 )  

( 3 )  

Those which cause t 2 8  volts to  be continuously On 

Those which cause t 2 8  volts to be continuously Of€ 

Those which cause an indeterminate + 2 8  volts to be 

continuously On o r  Off, depending on s ta te  of opera- 

tion at t ime of failure 

(4) Those which cause al tered duty cycles 

( 5 )  Those which have no eifect 

Exhibit 3 lists all fa i lures ,  their  resul ts ,  and comments where 

In many cases ,  the effect of a failure depends upon the appropriate.  

normal  mode o€ operation previously commanded; the exhibit a lso in- 

dicates these cases.  
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EXHIBIT 3 - POGO EXPERIMENT PROGRAMMER--KEY TO 
FAILURE ANALYSIS CHART 

1 e Cor rec t  Command Operation 

T ime  
(set) 

State On Off Logic 
_ I _ - -  

s1 100 1500 (ABC) (BxFc) 
s2 200 1400 (ABF) (ETE) 
53 400 1200 (ABC) (Fc) 
S4 8 0 0  800  (XBC) (c) 
s 5  Cont. ABC 

S6 Cont. ABC 
s 7  Cont. ABC 

S8 Cent. ABC 

-- 
--- 

S y r r d . d s ,  Noies, and Assumptions for interpreting Fai iure  Anaiysis Chart 

2 .  Symbols 

T = True  o r  "1" state  

F = Fa l se  o r  ' '0" state 

1 

0 

Sn = State selection; see  above table for c o r r e c t  

= Short ( a s  applied to diodes) o r  t rue  

= Open (as applied to diodes) o r  faJse 

operation 

(100/1500) = Duty cycle; 100  would he t ime On (in seconds) 

and 1500 would be t ime Off (in seconds) 

3 .  Notes and Assumptions 

a. When a flip-flop fails true,  its s e t  output is  always 

1, its r e s e t  output always 0, 

When a flip-flop fails false,  its r e s e t  output is always 

1, its se t  output always 0. 

be 

6 



EXHIBIT 3 (Continued) 

c. When the flip-flop internal  emitter-follower associated 

with the flip-flop set o r  r e se t  output fails, its effects 

a r e  as follows: 

( 1 )  Set side emitter-follower fails true--flip-flop 

set output always t rue ;  flip-flop r e se t  output 

unaffe c t ed. 

Set side emitter-follower fails false--flip-flop 

se t  output always false, flip-flop r e se t  output 

unaffected . 
Reset  side emitter-follower fails true--flip-flop 

r e s e t  output always t rue,  flip-flop se t  output 

unaffected. 

Rese t  side emitter-follower fails false--flip-flop 

r e s e t  output always false,  flip-flop se t  output 

unaffected . 

( 2 )  

(3) 

(4) 

d. P. failure that c a u ~ e s  a different effect f n r  various cc,m- 

mand selections appears  in Exhibit 4 in each applica- 

ble group with a notation in the c r o s s  reference column. 

F o r  instance, i f  the No. 1 AM-1 in the duty cycle gating 

fails t rue,  S2 puts the programmer  in group lB, S1 in 

group 2A, S3 and S4 in group 3A. Therefore,  the no- 

tation in the c r o s s  reference column for this failure in 

group 1B would indicate 2A and 3A; this failure shown 

in group 2A would re fer  to 1B and 3A, etc. 

Diodes used as a logic input to a gate a r e  considered 

separately in the "fail open" case.  All other failures 

in the gate a r e  included in the case  of the gate failing 

" t rue" o r  "false. 

e. 

f. Unless S 5 ,  S 6 ,  S 7 ,  S 8  a r e  shown specifically as being 

affected, o r ,  all commands a r e  shown a s  being affected, 

then 55 through 58 operate normally. 

7 
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The following section presents  examples of failure effects and their  

consequences to mission value. 

b. Examples (Refer to Exhibit 2)  

(1) Category 1 

I€ any of the five AG-5 gates that a r e  "OR-ed" 

in the duty cycle gating failed t rue,  the relay would receive a s e t  signal 

each clock pulse, the Off commands would be invalid to the programmer ,  

and +28 volts would be continuously On regardless  of the command selection. 

(2) Category 2 

If the output of AM-1 No. 2 in the duty cycle gat- 

ing failed false, a t rue  signal would be present  at the relay dr iver  rese t  

gate, the relay dr iver  would receive a r e se t  signal each clock pulse, and 

the t 2 8  volt output would be Off regardless  of the command selection. 

( 3 )  Category 3 

An example of the experiment programmer  fail- 

ing in an indeterminate steady state is the f i r s t  AM-1 in the clock bufier 

failing either t rue  o r  false. 

no longer receive count pulses and the multivibrator would produce no 

pulses. The probability of failing with ei ther  a continuous + 2 8  volts or  a 

continuous open circui t  is related to  the amount of t ime spent in either 

state when operating normally. F o r  example, with the 50 percent duty 

cycle (800 seconds On, 800 seconds Off), ei ther of these two failure e€- 

fects would be equally likely to resul t  f rom a particular failure of this 

type. With the 33-1 /3  percent duty cycle (400 seconds On, 1,200 sec -  

onds Off), it is more  probable that the same  failure would result  in the 

output being a continirous open circuit ,  and so forth, 

The counter would hang up, since it would 

(4) Category 4 

Before an  illustration is given of a failure that 

causes  a l tered duty cycles ,  the effect of the selected command on the 

failure resul ts  shouid be considered, In the case  of an indeterminate 

12 



steady-state failure the effect of the selected command is especially im- 

portant in causing al tered duty cycles,  as is shown below. 

The re  a r e  some fai lures  which, with cer ta in  commands, will cause 

the output to  remain a continuous t 2 8  volts o r  0 volts and, with other 

commands, wil l  have some other effect. 

flip-flop in  the counter fails false,  o r  i f  the "E" emitter-follower in the 

"G" flip-flop fails  t rue  when command 54 (800/800) is selected. For 

ei ther  of the fai lures ,  the E t e r m  in the duty cycle gating will be t rue 

all the t ime instead of providing the 800 seconds On/800 seconds Off 

pulses,  so that command 54  will produce a continuously On signal. Com- 

mands S1 through S3 will  have al tered duty cycles,  and commands S5 

through 58 will be unaffected. 

A good example is i f  the "G" 

Thus,  it follows that a la rge  number of single failures cause vari-  

ous duty cycles to be al tered and some duty cycles to be lost ,  but leave 

the experiment programmer  in  a satisfactory operating condition. For 

exitmple, if the E F G  amplifier circuit  in the duty cycle gating block 

fails t rue ,  this goes only to the two gates that select  duty cycles 100/1500 

and 200/1400; hence, the o the r  two duty cycles and the c o m m ~ n d e d  

Off and On s ta tes  remain  completely operable. 

select  100/ 1500 now selects  l o o /  100 ,  since only D is left to generate 

the timing pulses, 

ing left  to generate a timing pulse, and s o  it causes  the t 2 8  volts to be 

applied continuously. 

The command that should 

The command that should select  200/ 1400 has 110th- 

(5) C a t e g o r e  

There  a r e  few failures that do not affect the op- 

eration of the experiment programmer.  With two exceptions, the failure 

is an open selection diode in  the duty cycle gating. 

"A" diode opening in the ABC combination which selects  100 /1500 .  

"A" is no longer qualifying the gate, whenever a command is given that 

contains,"B" and " C "  t rue ,  this gate will be f r ee  to open and close, The 

only other command that has  'IB" and 'IC" t rue  is the 800/800 selection 

command, Giving this command will cause the outputs of the two gates 

An example is the 

Since 
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t o  be "OR-ed," but since the 8 0 0 / 8 0 0  duty cycle overlaps the 100/ 1500, 

the output will  be correct .  On the other hand, giving the 100/1500 com- 

mand will allow only i ts  gate to go. This effect is i l lustrated below: 

With no failures:  

Gate 1 = ABC ( l o o /  1500 timing pulse) 

Gate 2 = KBC ( 8 0 0 / 8 0 0  timing pulse) 

W i t h  "A" diode in  gate 1 open: 

Gate 1 = BC ( l o o /  1500 timing pulse) 

Gate 2 = ABC ( 8 0 0 / 8 0 0  timing pulse) 
- 

__I Gate 2 
- Result of 
AB C 
Command 

-800 sec-- 800  sec- 
F 

T 
F Output of 

. ' r3R' '  G ~ t e  i I 
I 1 

4. Fai lure  Consequences 

Hitherto,  fa i lures  have been classii ied as causing continuous 

t 2 8  volts or 0 volts to  the experiments,  a l tered duty cycles,  and no ef- 

fect. This subsection shows that, mission-wise, these failures will (1) 

abort  the mission,  ( 2 )  cause loss of the high-powered experiments, or  

( 3 )  have no effect on the overall  mission value. 

A s  the fai lure  effects have been previously classified, it is c lear  

that they would present  themselves to one o r  m o r e  of the high-powered 

experiments if any Qne o r  m o r e  of the associated relays was switched to 

variable duty. 

ciated experiment e i ther  to receive i ts  t 2 8  volts in an improper timing 

sequence all of the t ime o r  not to receive it a t  all. 

such failure effects i s  complicated by the fact  that the resul ts  depend 

significantly upon the subtleties of the particular operating state( s )  a t  

the t ime of failure.  It i s  important that these total  resul ts  be considered. 

F o r  any of these relays,  a failure will cause the asso- 

The total result  of 
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Exhibit 4 shows that type 1A fai lures  a r e  the most  cri t ical ,  espec- 

ially because backup will be available only when the spacecraft  is within 

communications sight of a ground station. If the t 2 8  volts is applied con- 

tinuously t o  all experiments (including high-powered ones),  excess power 

consumption would be disastrous t o  the mission. This assumption is sup- 

ported by the fact  that experiments not using the programmer  on S-50 

requi re  approximately 51.3 watts,  whereas  an  additional 10.4 watts,  a t  

minimum, would be required t o  save at leas t  one of the associated high- 

power experiments.  

ment  in  experiment power, which seems  unreasonable. 

This would mean a 20 percent additional require- 

A s  noted, the result. of a failure often depends not o~ i ly  on the com- 

ponent that  failed but a l so  on the present command c'onfiguration. Thus, 

i f  the programmer  has  a failure of the group 1B type, and is a lso out of 

communications sight of a ground station, the failure actually becornes 

one of the group 1A type for some time period. This should be kept in 

mind when the duty cycle is being selected for the present command con- 

figuration. 

this property,  and three  fai lures  for  command state SL, as opposed to 

only one failure each for  command s ta tes  S1 and S 3 .  

to  note that the Off command, state S7,  also falls into the latter category. 

At this point, i t  i s  normal  t o  assume that, for these types of failure,  the 

backup mode commands would be used to remove power frorn some o r  all  

of the experiments to  prevent their  excess  power consumption f rom jeop- 

ardizing the ent i re  mission. 

Three  different failures calise command state 54 to exhibit 

It is interesting 

Now, consider the case  of a failure that causes  a continuous open 

circuit ,  and one or m o r e  of the five latching relays a r e  switched to var -  

iable duty. Again, it is normal  to a s sume  that backup mode commands 

would be used to  provide power to a t  least a portion of the experiments. 

If the variable duty, On o r  Off latching relay could riot be switched 

back to the On or Off position, because it o r  the associated portion of the 

command sys tem had failed, there  would be no opportunity to program 

power by command, and the associated experiments would indeed be lost  

o r  e lse  excess  power consumption would probably abort the mission, 

1 5  



However,  s ince these relays probably would not be operated frequently, 

t he i r  fa i lure  rates would be quite low. 

The use of manual generation and radio t ransmission for backup 

mode commands would probably be impossible, although computer- 

generated commands might be used. However, intermittent power by 

command is possible only with cer ta in  types of fa i lures ,  and its use is 

questionable because of the amount of computer usage required and the 

fac t  that  the spacecraf t  would often be out of communications sight of 

the ground stations. 

fa i lures  and fo r  shor t  periods of carefully selected time; however, f rom 

the viewpoint of overal l  mission resul ts ,  a failure that would necessitate 

this type of operation would virtually cause loss  of the mission o r  loss  

of the experiments  powered by the experiment programmer.  

This type of operation is conceivable for certain 

It will  now be shown that any failures that do not fall into either of 

the two previously discussed " loss"  categories (mission o r  high-power 

experiments)  have no effect on mission value, 

W i t h  any one o r  m o r e  of the relays switched to variable duty and 

the  p rogrammer  failing to  provide $28  volts x r r i t h  zn incorrect 

t he  final r e su l t  would depend on whether the incorrect  duty cycle ex- 

ceeded 50 percent  (the maximum duty cycle available in normal  oper-  

ation) and, i f  it did not, whether the power period was so long as to be 

a power problem during eclipse period. 

percent ,  the situation would be the same as that stated for  continuous $28 

volts. 

commanded s ta te  is S4. 

cycle and the other 700  seconds On/lOOseconds Off, 

resul t  would be that the associated experiment(s) might have to be com- 

xnanded Off during eclipse periods,  since the erroneous duty cycles shown 

in Exhibit 4 (with the exception of the two mentioned above) indicate no 

other  cause  for  alarm. 

If  the duty cycle exceeded 50 

Exhibit 4 shows this only occurs  for  two fai lures ,  both when the 

One causes  a 600 seconds On/ZOO seconds Off 

The wors t  possible 

K t  can  be seen  that fa i lures  in the programmer  o r  converter cause 

no los s  of miss ion  value if  the associated experiments can be cycled by 

command or i f  there  is power capability to keep them energized continu- 

ally. It h a s  been assumed,  however, that a commanded duty cycle is 

imprac t ica l  and that there  is inadequate power available to  keep them 

16 



energized continually. In the following section, the mathematical  model 

considers  those cases  that cause mission failure,  those that cause loss 

of the highLpowered experiments,  and those that have no effect. 

numbers  a r e  calculated for  the reliability (or unreliability) of this area:  

( 1 )  the probability that the ent i re  mission will be los t  (programmer pro- 

viding 4-28 volts continuously when at  least  one experiment cannot be 

switched away), and ( 2 )  the probability that all of the high-power experi-  

ments  will be lost .  

Two 

5. Numerical Assessment  

The following subsectioiis quantitatively evaluate the proba; 

bility that the POGO experiment programmer  will (1)  abort  the overall 

OGO mission and (2) cause the loss  of the high-power experii-nents with 

which it is associated, Each evaluation assumes  that a l l  other subsys- 

t ems  a r e  operable (i. e . ,  command, power, LFTA, etc.), thus res t r ic t -  

ing consideration to the five variable duty, On or Off relays;  the exper- 

iment programmer  proper;  and converter  10, as shown in Exhibit 1. 

a 
Y O  Prcbability of $&is c i e n  Abort  -- 

Mission abort  is assumed to resu l t  whenever continu- 

ous  power is drawn through the variable duty contacts of one o r  more  of 

the five associated relays shown in Exhibit 1. If the satellite is in com- 

munications sight oi a ground station, this can occur only i f  one o r  more  

of the relays fails in the variable duty position - and a failure occurs in 

the experiment programmer  such that its output is continuously at t 2 8  

volts. 

of a ground station, there  a r e  two possible resul ts  of an experiment pro- 

g rammer  failure that yields a continucus t 2 8  volt output, 

such that there  is no eclipse,  no damage is assumed to  occur to the space- 

craft. However, i f  par t  of the orbit  is in eclipse, the drain on the bat- 

t e r i e s  is assumed to  be sufficient to abort  the mission. Thus, in order  to 

abort  the mission, e i ther  (1) the satell i te must be out of range of a ground 

station and in  a n  eclipse "season" and the p rogrammer  o r  converter must 

1 On the other hand, i f  the satell i te is out of communication range 

If the orbit is 

See Exhibit 4 for  a complete listing of possible failure modes. 1 
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fail so  as to yield a continuous t 2 8  volt output, o r  (2)  the experiment 

p rogrammer  o r  converter mus t  fail so a s  to yield t 2 8  volts cGntinuous 

output and at' l eas t  one of the five relays must  fail. 

. -  

That is ,  

where  Q,(C) = probability convertei- 10 fails providing 1-28 volts 
continuous output to experiments 

t-28 volts continuous output 
QA(E. P. ) = probability experiment programrrier fails providing 

P ( n )  

P(E) 

Q(R) 

= probability satellite i s  out of range of ground station 

= probability satellite i s  in eclipse season 

= probability at least  one of five variable duty 
relays fails 

The probability that the satellite will be within view of a ground 

station at  any randomly selected t ime is estimated to be approximately 

20  percent; this i s  based on outdated but hopefully typical orbit calcula- 

tions utilized in previous OGO assessments .  

the basis  of a launch t ime of 1 January 1963 a t  1800 GMT and an 82O 

orbit ,  tile sateiiiie wiil b e  in  an  eclipse season approximately 80 percent 

of the mission.' Thus, P(E) will a lso be assumed t o  be typically 0-8. 

P(G. 5.)  i s  thus 0.8. On 

. T h e  Q(R) t e r m  of Equation (1) i s  evaluated on the basis of the fol- 
-6 lowing considerations. 

fa i lures  per  hour generally used in  PRC OGO assessments  r e fe r s  to  

re lays  that have a substantial duty cycle. Single re lays  such as the five 

considered he re  a r e  generally assumed to have a negligible probability 

of failure because of the extremely low number of expected actuations. 

F o r  the failure probability for  the five relays considered together, a 

failure ra te  fo r  an  individual relay is derived f rom Mil-Hdbk 2172 and 

used in  Equation (2):  ~ 

F i r s t ,  the average failure ra te  of 0.2 x 10 

'See Exhibit IILC.3 of PRC R-309, Third Reliability Assessment for the 
Orbiting Geophysical Observator ies ,  1 5 April 1963. 

Proposed Mil-Hdbk 217 (Weps), Reliability S t ress  Analysis for Electronic 2 

Equipment, 31 December 1961. 
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-5A t 
Q(R) = 1 - (e R )  

where  = individual relay failure ra te  

= effective mission t ime (9560 hours ,  including 800  hours to 
R 

t 
compensate fo r  launch s t r e s s )  

The re lays  under consideration a r e  s imi la r  to the Mix-Hdbk 217 type 1 

relay.  The incremental  additions therein a r e  assumed to be zero  and 

the multiplying factors  unity, 

t o  be 0.01 p e r  hour. 

rate then becomes 0.052 fai lures  per  million hours.  

tion (2)  with X R  = 0.052 x 

The average number of actuations is taken 

Using the procedures of the handbook, the failure 

Evaluating Equa- 

gives a value of 0,0025 for  Q(R). 

The evaluation of QA(E. Po) and Q,(C) is deferred to  the follow- 

ing subsection, These values are 0.1213 and 0.0431, respectively. In- 

ser t ing these values in Equation (1) resul ts  in a probability o€ mission 

abor t  of 0,1056 for  a 1-year  mission. 

Probability of Loss of High-Power Experiments 

The high-power experiments a r e  assumed to belost  i f  

either f 28 volts o r  0 volis is  continuously provided t o  the variable duty 

relays.  

10  o r  in the experiment programmer  itself. 

u r e s  of this type, the overall  model equation giving the probability of 

losing the high-power experiments is 

1 This effect can result f rom cer ta in  fa i lures  either in converter 

Thus, with respect to fail- 

where  a(€%. Pa)  = probability of loss of high-power experiment 

P ( C )  = probability of no failure in  the converter,  resulting 
in +28  or 0 volts to the experiments 

P(E. P.) = pSobability of no failure in the experiment programmer ,  
resulting in t28 or  0 volts to  the experiments 

1 Fa i lu re s  resulting in an incorrect  duty cycle a r e  generally such that the 
resul tant  duty cycle is 5 50 percent; thus,  these fai lures  a r e  assumedto  
be noncrit ical  in the numerical  analysis. 
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Derivations of the final two t e r m s  in Equation ( 3 )  a r e  discussed 

below f o r  the experiment programmer  and for  converter 10; other prob- 

abilities of in te res t  a r e  a l so  considered. 

The resul ts  of a failure analysis of the experiment programmer  

are given in Exhibit 4. The effects of all singular fa i lures  a r e  tabulated 

where the experiment programmer  is assumed to consist  of a number of 

"independent" element/mode combinations. 

such as relay dr ivers ,  AM-1 circuit  cards ,  etc., and the modes a r e  

either "fail t rue"  o r  "fail fa lse"  o r  "fail open" in the case  of some sin- 

gular  diodes under consideration. 

in the experiment programmer  and their  estimated failure rates.' In 

general ,  any singular. failure may cause one of four possible results: 

(1) 4-28 volts continuously supplied to the high-power experiments,  (2)  
0 volts continuously supplied to  the experiments, ( 3 )  an  incorrect  duty 

cycle supplied to the experiments,  and (4) no effect, 

u re s  always yield the same  resul ts ;  for others ,  the resu l t  is a function 

of which of the possible duty cycles i s  being used when the failure occurs. 

F o r  stili others,  the resul t  is a function of which portion of the duly cycle 

the failure occurs  in; i. e. , whether the experiment programmer  is On 

o r  Off at the instant of failure. 

The elements are  subunits 

Exhibit 5 lists all subunits contained. 

Some of these fail- 

In this  analysis, it is assumed that the experiment programmer  

will be in one of the four duty cyc1.e~ at  all t imes during normal (non- 

failed) operation and that any one duty cycle is as likely to  be in use at 

a particular t ime as any other. 

iment programmer  is operating in S1, S2, 53,  o r  S4 is 1 / 4 ,  and the prob- 

ability that position S5, S b ,  S 7 ,  o r  S8 is commanded is 0. This  ac-  

counts for  fractional en t r ies  in Exhibit 5 which a r e  multiples of 0.250. 

For instance, element IV-2 (T)  has  an apportioned quantity of 0.250, 

causing an " incorrect  duty cycle," and 2.750, causing "no effect," This 

resul ts  because only if  the experiment program 

No. 1 fails t rue  will an  incorrect  duty cycle resu-lt, whereas ,  i f  ei ther 

That is, the probability that the exper- 

e r  is in  S1 when IV-2  

'The derivation of these failure ra tes  is described in the appendix. 
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IV-2 No. 2 o r  3 fails t rue ,  no effect resu l t s ,  nor is there  any effect i f  

IV-2 No. 1 fails t rue  in  command state S2, 5 3 ,  o r  S4. However, the 

fai lure ,  IV-2(T) ,  associated with the relay dr iver  logic resul ts  i n  either 

1-28 volts o r  0 volts being continuously supplied t o  the experiments. A s  

Exhibit 5 shows, this failure is apportioned as 0.234 and 0.766. 

apportionment a r i s e s  as follows. 

dour duty cycles is equally likely under normal  operation. 

cycle is 1600 seconds long, the expected proportion of On time is 

This 

It has  been assumed that any of the 

Since each 
1 

100 1- 200 + 400 + 800 = on234 
41 1 600) 

and the expected proportion of Off t ime i s  

1500 + 1400 + 1200 i- 800 = o o 7 6 6  
4( 1600)  

Thus, for  those failure modes l isted in Exhibit 3 resulting in an indeter- 

minate steady s ta te ,  the rat io  of 0.234 On and 0.766 Off is used t o  appor- 

tion failure resul ts  between continuously On and continuously Off, 

apportionment of all fa i lures  among the four possible resul ts  is shewn 

in Exhibit 5, as well as the total failure ra te  associated with each result. 

The 

Thus far, only the effects of f i r s t -order  fa i lures  have been con- 

sidered. Of course,  double o r  multiple fa i lures  m a y  occur; howeirer, 

the probability associated with all possible high-order failures in the 

experiment programmer  is 0.11 5, utilizing the usual exponential law 

and the failure ra tes  shown in Exhibit 5. Since there  a r e  in excess  of 

6000 I f  second-order" fa i lures  alone, the analysis of higher o rde r  fail- 

u r e s  on a case basis is c lear ly  intractable. Thus, for simplicity, i t  

will be conservatively assumed that all higher o rde r  failures cause loss  

of the high-power experiments. 

per iment  programmer  is, then, under the assumptions made, 

2 The probability of a "successful" ex- 

1 See Exhibit 3. 

2For  use in the 
sumed to  cause 

mission analysis,  half the higher o rde r  failures a r e  as- 
continuous +28 volt input l o  the experiment, 



where P O ( A ) .  = probability of no fai lures  in column A 

= probability of exactly one failure in column A P I  (A) 
A, B, C, D = the four columns so  designated in Exhibit 5 

The requisite probabilities have been calculated directly f rom Ex- 

hibit 5 and a r e  l is ted there. 

expression yields 

Inserting these probabilities in the above 

P(E. P.) = 0.71 

The term Q (E. P.) of Equation (1) can now be calculated as A 

where P (E. P.) = probability of two or  m o r e  fai lures  in the experiment 
programmers  2 

which, f rom the inputs of Exhibit 5, is seen t o  be, numerically,  

Q (E. P.) = 0.12 A 

.The analysis of converter 10  was not ca r r i ed  out to the depth of 

that  performed for  the experiment programmer;  i. e . ,  a part-by-part  

failure analysis was  not performed. However, sufficient analysis was 

performed to indicate that any singular par t  failure in the converter 

will resul t  in either a continuously On o r  Off state to the variable duty 

relays,  assuming there  a r e  no failures in the experiment programmer.  

Ei ther  resultant state is assumed to be equiprobable. Multiple failures 

e i ther  within the converter o r  between the converter and the experiment 

programmer  resul t ,  Pn the basis  of previous assumptions, in a contin- 

uous t28 o r  0 volts output with equal probabilities. 

The t e r m  Q (C)  in Equation (1) can thus be written A 
-1 t 
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where hc = the total converter failure r a t e  

t = 9560 hours (1 yea r ,  plus 800 hours  t o  account for launch 
s t r e s s )  

Using the value for  A in Exhibit 6 gives a value of 0.04 for Equation 
C 

(6 ) .  
The P(C)  t e r m  of Equation ( 3 )  is simply exp -1 t , where 1 I c l  C 

and t a re  as above. The resul t  is 0.91. 

Thus, the probability of losing the high-power experiments,  f rom 

Equation (31, is equal t o  0.35. 

6. Conclusions and Recommendations 

The experiment programmer ,  converter 10, and five latch- 

ing relays w e r e  added t o  the OGO spacecraft  in  order  t o  accomodate four 

POGO miss ion  experiments ha'ving high-power requirements. The added 

circui t ry  will  control the total power consumption of .these four experi-  

ments to a satisfactory amount when it is operating properly. 

it is possible that the added circui t ry  will fail. 

failure will  cause the entire mission t o  abort  during a 1-year  miss ionis  

G . i O .  i n e  probability that such failure wiii cause loss of ali of the high- 

power experiments is 0.35. These numbers  should be interpreted in the 

light of the assumptions made throughout- the previous portions of this 

TAM. 

However, 

The probability that such 

m. 

Attention is directed to  the following facts: 

a. 1B fai lures  can become 1 A  fai lures  when cer ta in  com: 

mands a r e  selected. 

b. Some fa i lures ,  such as cer ta in  open selection diodes 

in the duty cycle gating, have no effect. 

Because of these facts it is possible for  one command configuration to 

be better than another. F o r  example, it was found that command state 

S4 would develop into a type 1A (as opposed to 1 B )  failure a s  the result  

of any one of three  fai lures ,  i f  the spacecraft  was out of communications 

sight. However, s ta tes  S1 and 53 develop in this manner oiily i f  one par -  

t icular fa i lure  occurs .  Thus, PRC recommends that fur ther  attention 

be given to  the command configuration/logic/duty cycle relations. That 
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EXHIBIT 6 - PARTS COMPLEMENT AND FAILURE RATES FOR 
CONVERTER NUMBER 10 

Part Type 

Resis tors ,  Carbon Composition 

Re s is tor s , W i r e w o und 

Capacitors 

Capacitors, Tantalum 

Trans is tors  

Diodes, Zener 

Diodes 

Trans fo rmers  

Choke 

Coils 

Fusable Link 

Totals 

Number 
of Parts 

25 

10 

2 

10 

10 

6 

12 

4 

1 

3 

1 - 

84 

Individual Part - 
Failure  Rate x 10 

0.01 

0.07 

0.01 

0.08 

0.30 

0.26 

0.15 

0.25 

0.05 

0,05 

0.1 0 

9.43 
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is, S4 selects the highest duty cycle; instead, perhaps it would b e  better 

if this w e r e  done by S1, and vice versa ,  

It should also be noted that including the capability of providing the 

high-power experiments with a continuous t 28 volts via the experiment 

programmer  c rea t e s  a hazard ,  since'failures can occur. Such a " r e -  

dundant" capability would s e e m  inappropriate, since the same function 

can be accomplished by normal  commands, and the requirement for con- 

tinuous power to  the high-power experimekts is obscure. Thus, PRC 

recommends that the continuous On capability (S5) be changed t o  a con- 

tinuous Off command, thereby omitting it f rom the duty cycle gating. 

Finally, PRC recommends that some consideration be given to  

instrumenting the experiment programmer  output so  that i ts  operating 

state can be readily determined on the ground. 

tion a "quick look" capability'would also be available. 

With such instrumenta- 

7. SUMMARY 

THIS TAM ASSESSES THE RELIABILITY O F  THE EXPER- 

IMENT PROGRAMMER AND ITS EFFECTS ON THE POGO SPACECRAFT, 

a. THE PROBhSILITY O F  MISSION AE30RT DUE TO EX- 

PERIMENT PROGRAMMER FAILURE IS 0,lO. 

b. THE PROBABILITY O F  LOSS O F  THE HIGH-POWER 

EXPERIMENTS DUE TO EXPERIMENT PROGRAMMER FAILURE IS 

0.35. 

C, PRC RECOMMENDS THAT THE COMMAND CONFIG- 

URATION/LOGIC/DUTY CYCLE RELATIONS BE STUDIED FOR OPTI- 

MIZATION FROM THE RELIABILITY STANDPOINT. 

do PRC RECOMMENDS THAT THE "CONTINUOUS ON" 

CAPABILITY BE CHANGED TO A "CONTINUOUS OFF"  COMMAND 

FOR GREATER FAIL-SAFE CAPABILITY, 
J 

e. PRC RECOMMENDS THAT THE OUTPUT O F  THE 

EXPERIMENT PROGRAMMER BE INSTRUMENTED SO THAT ITS OP- 

ERATING STATE CAN BE READILY DETERMINED ON THE GROUND. 
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APPENDIX 

EXPERIMENT PROGRAMMER FAILURE RATE DERIVATION 

The  electronic pa r t s  in the experiment programmer  consist  essen-  

tially of the following six c lasses  of par ts :  t rans is tors ,  Q; res i s tors ,  R; 

diodes, D;  capaci tors ,  C;  re lays ,  Ry; and zener diodes, Dz.  In the fail- 

u r e  analysis,  it i s  necessary  to consider both the open and short  modes for  

each pa r t  type. The table below summar izes  the failure ra tes  assigned, 

which a r e  those used in the third OGO assessment .  

Fai lure  Rate (failures / million hours)  
Open Short Total 

T rans  is tor  0.150 0.150 0.30 

Diode 0.135 0.01 5 0.15 

Resis tor  0.184 0.046 0.23 

Capacitor 0.002 0.008 0.01 

Relay 0.100 0.100 0.20 

Diode, Zener 0.234 0,026 0.26 

In addition, the failure ra tes  of two of the modules used herein 

were  previously calculated in the third OCO assessment .  These a r e  

the IV-2  and AM-1 modules. The F/F modules a r e  similar to those 

used previously, except that €or this analysis the emitter-follower sec- 

tions w e r e  t reated separately, 

calculations and par t s  complements for  each multiple par t  subunit used 

in the experiment programmer  assessment .  

Exhibit A- 1 presents  the fai lure-rate  
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TECHNICAL ADVISEMENT MEMORANDUM NO. 3 4 - 3 1  

T 0: Assis tant  OGO Projec t  Manager, GSFC, NASA 
From: 

Subject: 

PRC OGO Reliability Assessment  Team 

Review of Capacitive Tachometers  for Attitude Control 
Reaction W he e Is 

1. Magnetic Tachometer 

The original magnetic tachometer components consisted of a 

stationary permanent magnetic slug and an output coil mounted on the r e -  

action wheel stator and a permeable s teel  cam ring mounted on the rotor. 

Rotation of the cam with respect  to the stationary magnet resulted in a 

change in flux distribution, thereby inducing a voltage ac ross  the output 

coil terminals .  Due to the cam contour, the flux variation was triangu- 

l a r  with rotation; hence, the output versus  angular velocity was a pulse 

t ra in  having a repetition r a t e  and pulse amplitude proportional to speed, 

and a pulse polarity dependent upon sense  of rotation. The output pulses 

were  delivered to the STL speed and direction converter c i rcui t ry  to  de-  

r ive an analog indication of speed and a digital indication of direction. 

2. Capacitive Tachometer 

A capacitive tachometer i s  proposed to  replace the magnetic 

tachometer in order  to achieve the same  pulse-train waveform charac-  

te r i s t ics  while reducing the magnetic field of the reaction wheel a s s e m -  

bly. Originaliy, a single variable capacitive sys tem was proposed con- 

sisting of a rectangularly toothed capacitive plate on the stator and a 

sawtoothed capacitive plate on the rotor.  In this approach, the charge 

ac ross  a capacitor (supplied by an external DC source) was permitted to 

vary l inearly with rotation by varying the capacitance in a tr iangular 

manner ,  analogous to the flux variation character is t ics  of the magnetic 

tachometer.  The r a t e  of change of charge ac ross  the capacitor, o r  cu r -  

rent ,  was then read  out by monitoring the voltage ac ross  a s e r i e s  output 

res is tor .  

1 



Because 0% the d i rec t  relation between load resis tance and output 

voltage, it w a s  n e c e s s a r y  to incorporate a buffer amplifier with a high 

input impedance and a low output impedance between the tachometer out- 

put and the freqxzency-to-DC converter circuitry.  

capacitive element tachometer was also found to be susceptible to  400- 

cycle motor drive pickup and to  electrostatic charge accumulation on the 

tachometer capacitor plates. 

pacitive pa t te rn  was al tered to two symmetrically halaneed rotor  and 

s ta tor  patterns.  

equal value at any instant of time and changing at equal ra tes ;  it is i l lus-  

t ra ted  in  Exhibit 1 ,  with the equivalent e lectr ical  circuit  shown in Ex- 

hibit 2. The voltages El and E2 a r e  fed to  a differential amplifier 

stage in the buffer amplifier so that the 400-cycle pickup and electro-  

static charge accumulation effects cancel, while the useful tachometer 

signal is amplified. 

f ie r  must  cancel; the capacitance of the rotor  plates to ground is made 

la rge ,  thereby shunting a portion of the noise in the tachometer to 

ground. i n u s ,  t;he finai buffer amplifier consists of th ree  functions: 

The single variable 

To circumvent"these effects, the single ca -  

This design consists of two variable capacitors of 

To reduce the noise fur ther ,  the differential ampli-  

-. 
a. 

b. 

A high input impedance differential amplifier 

A gain stage to provide the pulse level and charac te r -  

i s t ics  required by the frequency-to-DC converter 

c i rcui t ry  

An output emitter-follower to  feed the low impedance 

f r  e quenc y -to -D C c onve s t e XI 

c. 

The buffer zmplifier c i rcui t ry  is shown in Exhibit 3. The differen- 

tial input s tages  a r e  connected in  Darlington configurations to  provide 

input impedances of 750 K ohms. Variable shunt feedback is provided 

in  the gain stage to stabilize the loop gain and to  permi t  adjustment of 

gains f rom 3 to  11. 
stage to obtain catoff frequencies of 250 cps and 800 cp5. The output 

impedance of the emi t te r  follower is 100 ohms, and it can dr ive loads 

of from 3,000 ohms to infinity. 

Low pass  f i l ter  networks are also provided in this 

2 



I 
k 
0 
c, 

2 

N cn u 

M 
c 

I 

3 



I 

I 

4 



C 
c 



3. Reliability Effects 

As originally conceived, the tachometer pulse-train output 

was fed directly to the ir  equency-to -DC converter circuitry.  

the capacitive tachometer  requi res  a buffei amplifier between its outputs 

and the frequency-Its-DC converter to provide consistent pulse shape and 

amplitude and to  prevent  loading effects. 

the gain and emitter-follower stages,  some degradation of performance 

within these s tages  can be tolerated without functional operation being af- 

fected. However, no d i rec t  redundancy has  been incorporated in the buf- 

f e r  amplifier; therefore ,  operation is assumed to fail i f  any of the iiidi- 

vidual pa r t s  fail. T h e  components used in the proposed buffer amplifier 

(plus the two r e s i s t o r s  that a r e  the voltage sensing elements of the ta- 

chometer) are listed in Exhibit 4. 'The exhibit a lso includes the p a r t s -  

count reliability computations for  a l l  three channels (pitch, yaw, and 

roll) combined for  per iods of 3, 6,  9, and 1 2  months (including the 

launch period represented  by 800 hours  ), using the pa r t s  failure r a t e s  

of Reference 4. 

However, 

Because of the feedback around 

1 

'l'he computed reliability of the electronic coinponents after 1 year  

in orbit  i s  0.95. 

magnetic tachometer  and the frequency-to-DC: converter,  the capacitive 

tachometer adds a s e r i e s  block with a reliability of 0.95 to the reliability 

of the Reaction Control Subsystem, i f  it i s  assumed that the tachometers  

must be unfailed for mission success .  Thus, i f  the reliabil i t ies of the 

two tachometer sys t ems  (exclusive of t h e  buffer) a r e  assumed equal and 

approximately one because of their  simplicity, the relative reliability of 

the Reaction Control Subsystem with the proposed capacitive tachometer i s  

95 percent of that utilizing the i-nagnetic tachometer,  o r  0.95. 

of this reliability degradation on the overall  ACS Subsystem is insignificant. 

Since no electronic par t s  were  required between the 

The effect 

The representation of the launch s t r e s ses  by 800 hours is derived in 
Reference 4. 
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EXHIBIT 4 - RELIABILITY CALCULATION FOR CAPACITOR 
TACHOMETER AND BUFFER AMPLIFIER 

Components N m b e r  X(x Total  X (x 

T achom e te r Re si s t o r s 2 8.01 0.02 

Amplifier Res is tors  20 0,Ol 0.20 

Capacitors 7 0.01 0.07 

Trans is tors  7 0,30 2.10 

Electronics 2.39 

Therefore,  Reliability (1 year) = (0.95) (Capacitive Tachometer Reliability) 
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4. SUMMARY 

THE PURPOSE O F  THIS TAM IS TO INVESTIGATE THE EF- 

FECTS ON THE RELIABILITY O F  THE SPACECRAFT OF REPLACING 

THE MAGNETIC TACHOMETER WITH THE CAPACITIVE TACHOMETER. 

a. RELIABILITY O F  THE THREE CAPACITIVE TACHOM- 

ETERS INVOLVED IS 0.95, AS OPPOSED TO APPROXIMATELY ONE 

FOR THE ORIGINAL MAGNETIC TACHOMETERS. 

b. THE RELIABILITY O F  THE ATTITUDE CONTROL 

SUBSYSTEM IS DEGRADED §LIGHTLY. 

C. FROM A SYSTEM STANDPOINT THIS DEGRADATION 

IS PRACTICALLY NEGLIGIBLE. 
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TECHNICAL ADVISEMENT MEMORANDUM NO. 34-32  

To: Assistant OGO Project  Manager, GSFC, NASA 

From:  

Subject: 

PRC OGO Reliability Assessment  Team 

Effects of Universal Wiring System and Command Receiver 
Frequency Change on OGO Spacecraft Re liability 

1. Introduction 

The purpose of this memorandum is to review the proposed 

design and to evaluate the implications on spacecraft  and mission rel ia-  

bility of (1) the use  of a "unive,rsal" wiring system and (2)  the command 

r e  c e ive r f r e que n c y c han ge . 
2.  Universal Wiring System 

It appears  that the OGO cabling has  proceeded through three 

The original, very flexible system of patch panels and J-boxes i terations.  

was discarded in favor of what was referred to as a more  tailored cable 

sy,stem. 

tem was used on S-49. 

This i teration was pr imari ly  for weight reduction, and the sys -  

P r imar i ly  because improvement in the spacecraft  boosters some - 
what lifted the weight restrictions with respect to the cabling, the tailored 

cable system was changed to the universal  wiring system. 

is  used on S-50  and is  expected to be used hereaf ter .  

This sys t em 

It would appear that the only recognizable eifect such changes could 

have on reliability would be the result  of increases  and/or  decreases  in 

connections. The exact number of connections was not available; andthe 

number of connectors used in the first system was not available, perhaps 

because it was never completely finished. 

not including those for  experiments,  S-49  requires  5 5 4  connectors and 

S-50 only requires 428. 

However, it is  known that, 

Thus, on the basis of the number o i  connectors (assuming the pe r -  

centage of used pins is equal for  both spacecraf t ) ,  the universal  system 

used on S-50  would tend to have lower probability of iailure than the 
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tai lored sys tem used on S-49. 

the same  for  both S-49 and S-50, the reduction in connectors would tend 

However, i f  the total  number of pins is 

to  improve reliability. 

a t  which disturbances could occur by virtue of the existence of connectors. 

Therefore,  despite the missing details ,  PRC does not feel that the relia- 

bility was hindered in this area. 

This is due to the reduction in physical points 

3.  Command Receiver Frequency 

The command receiver  frequency w a s  changed from 120 m c  

t o  148.9 mc  ei ther  because it was interfering with o r  being interfered 

with by some other 120-mc signals. The frequency change resulted in 

a change of the first r-f t ransis tor  f rom a Philco 2N2398 to a Texas In- 

s t ruments  2N2415 in o rde r  to lower the noise. 

were a higher frequency crys ta l  and tuned circui t  component values. 

Therefore,  it i s  felt that the reliability of the command receiver  remains 

unchanged. 

The only other changes 

SUMMARY - 4. 

THE EFFECTS O F  THE UNIVERSAL WIRING SYSTEM AND 

THE COMMAND RECEIVER FREQUENCY ON RELIABILITY O F  THE 
OCO S-50 S P A C E C U F T  ARE AS FOLLOWS: 

a. SPACECRAFT RELIABILITY IS IMPROVED SLIGHTLY 

THROUGH THE USE O F  FEWER CONNECTORS IN THE UNIVERSAL 

WIRING SYSTEM. 

b. SPACECRAFT REJALABXLITY IS UNCHANGED DUE TO 

THE COMMAND RECEIVER FREQUENCY CHANCE. 


